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Utilizing Diffusion and Temperature as a Means of Band-Gap 
Modulation for Conjugated Polymers 
Fahad Alhashmi Alamer, Ph.D. 
University of Connecticut, 2013  
Conjugated polymers have different electronic properties compared to organic polymers. 
In their neutral state, they have a band gap in the semiconductor range. A change in the band 
structure leading to a conductive material occurs upon doping. The reversible change between 
insulating and conducting states leads to a change in the optical transition of conjugated 
polymers resulting in color switching, known as “electrochromism”.  
In this dissertation the effect of diffusion and temperature to modulate the band gap of 
conjugated polymers was investigated. In chapter 3, a new method to study the diffusion 
behavior of electroactive monomers, which are converted to conjugated polymers, is presented. 
The diffusion behavior of an electroactive monomer in a solid state gel matrix is investigated and 
the diffusion length, diffusion coefficient, and monomer concentration at each point in the 
diffusion pathway is measured. Furthermore, the factors influencing the diffusion coefficient 
such as the initial monomer concentration, presence of a second monomer in the gel matrix, and 
polymerization routes are studied. After studying the diffusion of individual monomers into a 
solid state gel matrix, the effect of monomer feed ratios when two electroactive monomers 
diffuse towards each other as a means of modulating the band gap by creating different 
copolymers is presented (chapter 4). From two homopolymers, having a high and low energy 
band gap, a set of conjugated copolymers with different energy bang gaps were prepared in a 
single run using diffusion fundamentals. Hence, a combination of the two monomers is used to 
generate solid state electrochromic devices of any color. 
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In chapter 5, the effect of solvent dielectric constant and viscosity on the ionic 
conductivity of the gel electrolyte used in electrochromic devices was investigated. It was found 
that using a mixture of low and high viscosity solvents with different dielectric constants led to 
an increase in ionic conductivity and improvement, approximately 19 %, of the electrochromic 
photopic contrast. 
 In chapter 6, the preparation and characterization of conductive fabric using a 
conjugated polymer is introduced. The electrical properties, morphology, and the effect of 
temperature on conductive fabric resistance over a wide range of temperature were investigated. 
It was found that the conductive fabric had low sheet resistance with passage of high current. 
The material exhibited metallic behavior at a specific temperature due to the modulation in the 
band gap from the semiconductor to metal range. Chapter 7 introduces conductive fabric using 
graphene/graphite and a hybrid mixture of graphene/graphite and conjugated polymer. The 
electrical, mechanical and morphological properties were studied. The hybrid conductive fabric 
showed high conductivity and with passage of a high current. Graphene and the hybrid fabric 
also exhibited metallic behavior at a specific temperature due to the modulation in the band gap. 
With the electrical properties of these conductive fabrics, it was proven that the conductive fabric 
could be used as a wire in an electrical circuit. 
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List of Symbols and Units used in this thesis 
Symbol Meaning Units 
Eg Energy band gap eV 
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ρ(T) The resistivity at temperature T (K) Ω.cm  Thermal coefficient 1/ₒC  The conductivity S/cm  The conductivity at T (K) S/cm 0 The conductivity at 0 K S/cm 
n The number of electrons per unit volume e/cm3  The mobility cm2/V.s 
e The charge of an electron C 
KB Boltzmann’s Constant m2kg2/s2K 
γ The dimensionality factor dimensionless 
dvr Characteristic hopping length m 
∆E The change in energy eV 
h Planck’s constant J.s  The frequency Hz 
c The speed of light m/s 
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CR Contrast ratio dimensionless 
Tb Bleach state transmittance % 
Tc Color state transmittance % 
Tp Photopic contrast % 	 The spectral transmittance of the sample dimensionless 

	 The normalized spectral emittance of a 6000K blackbody dimensionless 	 the normalized spectral response of the human eye dimensionless 
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η Electrochromic Efficiency cm2/C 
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Chapter 1 Introduction  
1.1 Conjugated  Polymers (CPs) 
Polymers are usually considered good insulators and are therefore used in many 
applications in which insulating properties are needed. Moreover, polymers have useful optical, 
mechanical and electronic properties and are used in many applications such as containers, 
coatings and clothing. In 1976, Shirakawa et al. reported that the conductivity of polyacetylene 
increased when doped with iodine. [1] After this discovery research focus was directed towards 
the study of new conductive polymers. As shown in Figure 1.1, conjugated polymers (CPs) have 
a conjugated structure with alternating single and double carbon-carbon bonds along the polymer 
backbone. In these molecules the electrons can move easily along the polymer backbone or 
between the chains. [2,3] In the undoped state, conjugated polymers are poor semiconductors. To 
increase conductivity a doping process is needed in which electrons are either removed 
(oxidation) or added (reduction) to the polymer. These oxidation and reduction processes, termed 
p-doping and n-doping respectively, increase the conductivity of the polymer by increasing the 
concentration of charge carriers. For example, polyacetylene has a low conductivity, around 10-
10
- 10-8 S/cm in the undoped state and 20,000 S/cm in the doped state. [4] Some examples of 
conductive polymers which were developed in the last 30 years include polyanilines, 
polypyrroles, polythiophenes, etc. 
C
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Figure 1.1  The chemical structure of a conductive polymer which illustrates the 
alternating single and double bonds. 
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1.2 Band Theory 
To give a better understanding of the electrical conductivity of conjugated polymers, an 
overview of band theory for conductors, insulators, and semiconductors is discussed in this 
section. Figure 1.2 illustrates the electronic structure in solids, in which the energy difference 
between the highest point of the valence band (V.B) and the lowest point of the conduction band 
(C.B) is called the energy band gap (Eg). First, metals have free electrons due to overlap of the 
conduction band with the valence band, i.e. no band gap, allowing the electron to occupy the 
conduction band which makes metals good conductors. [5,6] As shown in Figure 1.2(A), at T=0 
K the conduction band, lying below the Fermi level, is filled with electrons and application of a 
small electric field leads to high conductivity because the electrons migrate to empty states in the 
conduction band. By increasing the temperature, the electrons are thermally excited above the 
Femi level, but the conductivity decreases because resistivity increases linearly with increasing 
temperature due to phonons scattering the electrons according to the equation: 
                                            + , +0 -                                                              (1.1) 
where + is the resistivity at temperature T (K), +0 is the resistivity at temperature 0 K, and 
 is the thermal coefficient. The conductivity, ,is given by: 
                                                                   , .                                                                    (1.2) 
where n is the number of electrons per unit volume,  is the electrons’ mobility, and e the charge 
of an electron  , 1.6  101'2C. 
Second, insulators have an energy band gap larger than 3 eV and therefore the charge carriers 
cannot move from the valence band to the conduction band. As shown in Figure 1.2(C), at T=0, 
the valence band is filled but the conduction band is empty leading to zero conductivity. [6] 
 Figure 1.2  The energy band diagram demonstrating the band gaps of (A) metal (B) 
semiconductor (C) insulator.
Even by increasing the temperature, the electron
from the V.B to C.B due to the large band gap and therefore the conductivity is zero. 
semiconductors have an energy band gap between conductors and insulators (0.1
example, the band gaps of silicon and germanium are 1.1 
As shown in Figure 1.3, at T=0 K
temperature increases the conductivity also increases becau
from the valence band to the conduction band where they are free and the holes created in the 
valence band behave like positive charges. This means that two factors contribute to the 
electrical conductivity: the elect
i.e. the transfer of electrons and holes in the polymer chain causes conduction. 
conductivity of a semiconductor is given by the equation: 
                                                             
 
s are not thermally excited enough to migrate
eV and 0.67 at T=0 K
, semiconductors have the same behavior as 
se the electrons are thermally excited 
rons in the conduction band and the holes in the valence band, 
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Third, 
-3eV). For 
, respectively. [7] 
insulators, but as 
[6]
 The 
(1.3) 
 Where  and  are the conductivity at 
is Boltzmann’s constant.  
Figure 1.3  The energy band diagram of 
temperature.
 
Fourth, conducting polymers have a large band gap between 1 
energy levels: a valence band which is the lowest energy level containing the highest
molecular orbital (HOMO) and a conduction band which is the highest energy level containing 
the lowest unoccupied molecular orbital (LUMO). The energy band gap E
between these two bands. CPs behave like semiconductors in their 
oxidized or reduced states the conductivity increases because the band gap decreases due to 
charge carrier formation along the polymer backbone
conduction of CPs using doping 
 
T and 0 K, respectively, is the band gap, and 
a semiconductor at T=0K and at room 
 
eV and 3.0 eV. [8,9]
g 
neutral state and in their 
. In the following two sections, the 
and hopping processes is explained. 
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 CPs have two 
 occupied 
is the difference 
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1.3 Doping Process in Conjugated Polymer 
The doping processes are different for conjugated polymers and semiconductors. In 
semiconductors, the impurities occupy positions within the lattice, modifying the conductivity 
due to an increase in the concentration of the electrons and holes. Also, there is no charge 
transfer occurring between the two sites. On the other hand, in conjugated polymers, a charge 
transfer occurs due to the oxidation and reduction processes. Band theory explains the 
mechanism of doping processes of conjugated polymers as shown in Figures 1.4 and 1.5. In p-
doping processes (oxidation), the electron is removed from the polymer producing a free radical 
electron and spinless positive charge. The positive charge and the electron are coupled to each 
other due to resonance processes. This combination of a charge site and the radical electron is 
called a polaron which carries spin ½ and +e. In this case, a new electronic state is created in the 
gap as shown in Figure 1.5(B). It has a lower energy and is occupied by a single electron. By 
removing a second electron from the polymer, a second positive charge is produced. A polymer 
chain which contains two positive charges is called a bipolaron. A bipolaron has a charge +2e 
and spin = 0 [5]. According to quantum mechanics calculations, the energy required to form a 
bipolaron is less than the energy required to form two polarons by 0.4 eV [6,7].  The conductivity 
increases due to the charges moving along the polymer backbone creating an electric current 
which is termed intra-chain mobility (the charge transfer along the polymer chain). The band 
structure of conducting polymers affects their optical and electrochemical properties [8]. In 
summary, conjugated polymers show semiconducting behavior in their insulating (neutral) state 
with an energy gap Eg between the valence band and the conduction band. The doping process 
modifies the band structure and changes it from an insulating state to a conducting state.  
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Figure 1.4 P-doping processes of polypyrrole. 
 
Figure 1.5  (A) Neutral polymer: VB is full and CB is empty (undoped polymer) , (B) 
Polaron generation by removal of one electron (slightly doped polymer), (C) Bipolaron 
generation by removal of  second electron (heavily doped polymer). 
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1.4 Hopping Process in Conjugated Polymer 
In order to understand the current conduction mechanism in a conjugated polymer, the 
affect of temperature on the conductivity is discussed. In general, a CP behaves like a 
semiconductor in the neutral state. The electrical conductivity (σ) behavior is explained using 
two models the Arrhenius Model and the Variable Range Hopping Model. At room temperature 
the conductivity of CPs follows the Arrhenius Model [16,17] 
                                                              , 1 34567                                                      (1.4) 
Where  is a constant pre-exponential factor, K is the Boltzmann constant, and Eg is the carrier 
activation energy. At low temperatures, the conductivity of CPs follows the Variable Range 
Hopping Model “Mott’s Model”. [18,19] According to this model, in a disordered material the 
charge carrier transport takes place via phonon assisted hopping between occupied and 
unoccupied localized states. Moreover, the charge carriers tend to hop between states far in 
distance but close in energy as shown in Figure (1-6). According to Mott’s Model the 
conductivity is given by:  
                                                           , 81797 :;                                                                (1.5) 
Where  is the conductivity at   , ∞, T0  is the Mott’s characteristic temperature, and γ is the 
dimensionality factor and is given by < , ''=> . The value of d= 3, 2, 1 for three, two, and one 
dimensional hopping transport respectively. The characteristic hopping length dvr increases with 
decreasing temperature, therefore this model is called the variable range hopping (VRH), and is 
given by the equation: 
                                                                         ?@A , > B9B CD                                                         (1.6) 
 Figure 1.6  Nearest neighbor hopping and variable range hopping, where d 
average distance between neighbors and d 
 
1.5 Electrochromism 
When an external potential is applied, conjugated polymers change their color due to the 
doping-dedoping processes because of the change in the electronic structure. This phenomenon 
is called electrochromism which is 
external voltage is applied. It results from the generation of different electronic absorption bands 
in the visible region upon switching between oxidized and reduced states. 
electrochromic materials (EC) are metal oxides such as tungsten oxide WO
between yellow and colorless, organic small molecules such as the bipyridiliums (viologens
and conjugated polymers, such as polypyrrole, polythiophene, and polyaniline
 Conjugated polymers absorb light in the visible range and are colored. Therefore the 
optical band gaps match fall within the visible range (
vr is the average hopping length
defined as a reversible color change of a material when an 
The main classes of 
3
.
[41
λ=350nm to 850nm and E
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nn is the 
. 
 which switches 
) , 
-44]
 
g= 1.0eV to 3 
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eV). [8,9] In detail, the change in the electronic character accompanied by reversible 
electrochemical oxidation (losing an electron) and reduction (gaining an electron) reactions 
cause electrochromism in CPs. In their neutral (insulating) state CPs have semiconducting 
behavior with an energy band gap between 1-3 eV. [20-23] Doping-dedoping process lead to 
modulation of the band gap resulting in a change in the optical properties of CPs according to 
Planck’s relation: 
                                                        E , F , GHIJKL                                                       (1.7) 
Where h is Planck’s constant,  is the frequency, c is the speed of light, and 	&MN  is the 
wavelength as maximum of the absorption band observed in the spectrum and its position in the 
spectrum governs the observed color. Reduction (adding electron) of CPs removes the electronic 
conjugation to give the undoped (neutral) insulating state. 
Materials which show “electrochromism” are called electrochromic materials. [24-32] Most 
electrochromic polymers change their color between a transparent (bleached) state to a colored 
state or between two colored states. In some cases, they show more than two colors which is 
described as “poly-electrochromic”. [33-36] An important goal is to achieve electrochromic 
materials that show color changes covering the entire visible spectrum when a potential is 
applied. [37]  One of the most successfully commercialized CPs is poly (3,4-
ethylenedioxythiophene) (PEDOT) which shows a light blue color in oxidation state and a dark 
blue color in the neutral sate due to the change in the electronic structure and hence the optical 
absorption modification from the near infrared region toward the visible region. [38] The first 
theoretical discussions of electrochromism were in 1961 by J.R.Platt. [39] Deb.et al. in 1973 
demonstrated the phenomenon of electrochromism in tungsten oxide. [40] 
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1.6 Conjugated polymer as an electrochromic material 
Conjugated polymers are an interesting class of electrochromic polymers for many 
reasons: high optical contrast, fast switching speeds, and excellent processability. [45] Moreover, 
they are characterized by the ability to easily modify their structure, low cost, small energy 
consumption, and open circuit memory. [46-47] CPs are used in many applications such as 
capacitors, batteries, electrochromic devices, displays, light-emitting diodes, and solar cells. [48-
52] To control the color of a conjugated polymer as an EC material, three ways are introduced: 
First, modification of the polymer structure which leads to a change in the polymer band gap by 
using doping processes as explained previously. [14] Second, the combination of blends, 
laminates, and composites of electrochromic materials. [53] Third, copolymerization of different 
electroactive monomers. Copolymerization of different monomers gives rise to a modification of 
the main chain polymer structure and leads to an interesting combination of the properties 
observed in the corresponding homopolymers. [54, 55]  The most important feature of 
copolymerization is that a new material can be obtained without any complex synthetic routes. 
[47] 
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1.7 Electrochromic devices (ECDs) 
Electrochromic devices (ECDs) are most popular for their switching color technology 
upon charge injection and extraction driven by an external voltage. These devices are used in 
many applications such as rearview mirrors, displays, and solar cells. [56] The most important 
components of electrochromic devices are the electrochromic material and polymer electrolytes. 
Figure 1.7 shows the structure of an in situ electrochromic device developed by the Sotzing 
group. [57-58] It consists of a solid gel electrolyte and monomer mixture sandwiched between two 
indium tin oxide (ITO)-coated plastic or glass substrates. To create this device, the monomer is 
first dissolved in the gel electrolyte. Second, the device is assembled and sealed. Third, by using 
UV, the device is cured and changes from a liquid to a solid-state transparent gel. Finally, an 
external potential is applied to convert the monomer to polymer. Compared to the other 
approaches, this in situ technique is a “one-step” assembly process because it utilizes the 
polymerization inside the solid-state device.  
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Figure 1.7  The structure of an in situ electrochromic device (A) before applying 
potential and (B) after applying potential, the monomer converts to a conductive polymer. 
1.8 The physical electro-optic properties of electrochromic devices 
In short, electrochromic devices have the following physical electro-optic properties: 
i-  Contrast Ratio (CR): defined as the ratio between the transmittance in the bleached 
and colored states, O .and H  respectively.[59] It can refer either to a specific 
wavelength or to the overall white light, photopic contrast, [60] as shown in Eq.(1.8) 
and (1.9) respectively. 
                                                                   " , BPBQ                                                        (1.8)                   
                                                                  R , S BITIUI>IV59WX9S TIUI>IV59WX9                                    (1.9) 
Where 	 is the spectral transmittance of the sample, 
	is the normalized spectral 
emittance of a 6000K blackbody and 	 is the normalized spectral response of the human eye. 
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ii- Optical Density (OD): determined by the optical transmittance   at a specific 
wavelength 	and is given by the equation 
                                                                      YZ ,  [*' 'B                                         (1.10)                 
iii- Electrochromic Efficiency (η): different electrochromic materials exhibit different 
color when charges pass through. The amount of charge \ to produce an optical 
density change]YZ is called electrochromic efficiency.[59,61]   
                                                                           ^ , ∆`ab                                               (1.11)                         
iv-  Switching Speed: defined as the time needed for an electrochromic device to switch 
between the colored and bleached states. It is dependent on several factors: the 
applied potential, ion conductivity of the electrolyte gel, film thickness, and the 
morphology of the thin film.[62] 
v- Optical Memory: defined as the time that an electrochromic device maintains its 
colored or bleached state when the applied potential is removed.[63] 
vi- Stability: described as how many cycles the electrochromic device can survive and 
how the color changes in theses cycles. Many factors affect the cycle life such as the 
degradation of the conductive substrate, electrolytes, and the sealant.[63] 
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1.9 Diffusion Fundamentals  
Diffusion is one of the mass transportation methods and is defined as the movement of 
particles from an area of high concentration to one of low concentration. It follows Fick’s laws 
which have two cases: 
i- If the concentration does not change with time >c>d , 0 (steady diffusion state) then 
this is described by Fick’s First law:  
                                                  e ,  fZ                                                (1.12) 
where J is the net flow the particles RMAdgHh#i&5 i ,   is the concentration gradient RMAdgHh#i  &W   '& 
which is described as the variation of concentration at a specific distance and is the driving force 
of diffusion. D is the diffusion coefficient  &5i  which is defined as the mobility of diffusion 
species in the given environment “in our case in solid-sate gel matrix”. The negative sign in the 
equation is due to particles diffusing from high to low concentration. In one- dimension equation 
1.12 can be written as 
                                                                           e ,  fZ >c>N                                                    (1.13) 
ii- If the concentration changes with time (non-steady diffusion), as in most real 
diffusion situations, then Fick’s second law is used. It is described by the equation  
                                                              
>c
>d , Z j5cjN5                                                (1.14) 
The rate of concentration change with time is equal to the diffusion times the rate of change in 
the concentration gradient.  A significant solution can be obtained for the above second-order 
 partial equation by determination of the initial “boundary” conditions of the diffusion system to 
give the concentration as a function of the spatial position and time 
1.10 Copolymers 
A polymer is a chain of repeating molecule units called monomers which are linked 
together during a chemical reaction called 
monomer is called a homopolymer
number of monomer units. On the other hand if a polymer is derived from two or more monomer 
units then the resultant material is called a
There are four types of copolymers depending on the arrangement of the monomers 
polymer backbone: 
i- Random Copolymer: 
example: B-A-A-A-B
ii- Alternating Copolymer: consists of regularly alternating two monomers along the 
polymer chain for example: A
iii- Block Copolymer: contains two types of monomers and all one type of monomer is 
grouped together for example: A
iv- Graft Copolymer: In this type of copolymer the main polymer chain contains just 
monomer A and the branches consists only monomer B.  
Copolymerization is one easy facile way to
different optical transitions. Copolymeri
c (x,t).  
polymerization. The polymer derived from one 
, for example: m1-m1-m1-m1-m1- or -[m1]n
 copolymer as shown in the equation: 
 
the distribution of the repeat monomer units is random for 
-B-A-B-A-A- 
-B-A-B-A-B-A-B 
-A-A-A-A-B-B-B-B-B 
 
 produce a new electrochromic polymer with 
zation of two distinct monomers leads to modulation of 
30 
- where n is the 
in the 
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the band gap of the homopolymers resulting in a new copolymer with different electronic 
properties. By varying the composition of one monomer to the other, one can control the optical 
properties of the copolymer with respect to the original homopolymers. A new electrochromic 
copolymer based on 3,4-ethylenedioxidethiophene (EDOT) and dithienylpyrrole was reported 
using electrochemical polymerization. [64] It was found that the poly(EDOT-co-dithienylpyrrole) 
exhibited a multicolor electrochromic property due to the modulated band gap (1.7 eV). 
Wenying et al. reported an electrochromic copolymer, poly(5-cyanoindole-co-EDOT), which 
switched color between purple in the undoped state and blue in the doped state. [65] A copolymer 
can also be generated using the donor-acceptor technique by varying the ratio of two precursor 
polymers. Sotzing et al. reported that a mixed ratio of two precursor polymers have an effect on 
the optical properties on the resulting copolymer and by controlling the mixing ratios in the 
precursor blend a black color could be produced. [66] 
1.11 Colors 
Color can be either additive or subtractive depending on the way that light reaches the 
eye, either by emission or reflection. Additive colors (emission) come from the light source and 
before hitting the object go to the eyes. These colors are pure which means a blue light looks 
blue because it emits blue light and the spectrum of additive color, as shown in Figure 1.8, is 
called visible light in the range (350 nm-800 nm).  The primary colors of additive color are red, 
green and blue (RGB) and from two colors any other color, “complementary color”, can be 
created. Adding all emitted color gives a white color as shown in the Figure 1.8C. On the other 
hand, subtractive color is determined by the absorption of light after the light is reflected off of 
the object. These colors are “impure” since, as an example the eyes see red pigment because it 
 absorbs everything except red light. The primary colors of subtractive color are cyan, magenta, 
yellow (CMY) and when mixed together give black (
Figure 1.8 (A) and (B) show the spectrum of additive and subtractive colors, respectively. 
(C,D) Colors result from mixing the primary color
 
1.12 Color Coordinate Calculation
 
Briefly, the science of measuring color is called 
measurement is called colormeter
published by the Commission Internationale de L'éclairage to numerically express color 
perceptions. Figure 1.9 shows the 
and v'. The u' and v' for the monomers as well as at each point in the copolymer region are 
measured with the colorimeter. From these measurements, 
to determine what the exact color is at each point
 
see Figure 1.8D). 
s of additive and subtractive colors.
 
Colorimetry and the device used to do this 
. CIE Luv color coordinates are used in this study, which is 
CIELUV 1976 color space and each color is characterize
u' and v' are plotted in the color space 
 in the copolymers region.  
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Figure 1.9 The CIE LUV 1976 color space. The number along the edges of the color space 
represents the wavelengths. [34] 
  
1.13  Some Examples of Conjugated polymer used in In-Situ Electrochromic 
Devices 
 In this thesis, several different monomers in which the conjugated polymers have single 
wavelength absorption are studied. These monomers include 3,4-ethylenedioxythiophene 
(EDOT), bithiophene, pyrrole, 2,2-dimethyl-3,4-propylenedioxythiophene (ProDOT-Me2), 
(ProDOT-IP2) and 1,3-di-tert-butyl-3,4-propylenedioxythiophene (ProDOT-tBu2).  More details 
will be given in chapter 3. 
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Chapter 2: Experimental Details 
2.1  Introduction  
In this chapter, the materials and instrumentation which are used in the experiments are 
introduced. Also, conductivity techniques such as four-point probe and electrical impedance 
spectroscopy are discussed in detail. However, each chapter has a specific section explaining the 
experimental details.   
2.2 Materials 
2.2.1 Chemicals 
The various chemicals used in this work are listed in Table 2.1 and were purchased from 
Sigma-Aldrich. 
Table 2.1 List of chemicals material used in this work. 
entry Chemical Name Symbol 
1 Lithium trifluoromethanesulfonate LiTrif 
2 Propylene Carbonate PC 
3 Ethylene Carbonate EC 
4 Diethyl Carbonate DEC 
5 Dimethylsulfoxide DMSO 
6 dimethoxyphenylacetophenone  DMPAP 
7 poly (ethylene glycol) diacrylate (Mn = 700) PEG-DA 
8 Poly(ethylenedioxythiophene):poly(styrenesulfonate) PEDOT:PSS 
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2.2.2 Monomers: 
Table 2.2 shows the monomers used in the diffusion study and how they were obtained. 
Chapter 3 gives more details about these monomers. 
Table 2.2 List of monomers used in the diffusion study. 
Entry Monomers Symbol Supplier 
1 3,4-ethylenedioxidethiophene EDOT Heraeus Clevious 
2 Pyrrole Pyrrole Sigma-Aldrich 
3 Bithiophene BTh Sigma-Aldrich 
4 2,2-dimethyl-3,4-propylenedioxythiophene ProDOT-Me2 Our lab 
5 1,3-tert-butylpropylenedioxythiophene ProDOT-tBu2 Our lab 
 
 
2.2.3 More on Materials 
Table 2.3 shows some of materials which are used in this work and also the supplier. 
Some of them were used to prepare the in situ electrochromic devices such as indium tin oxide 
(ITO), copper tape, glue, and gasket. The other materials were used for the study of conductive 
fabric using conductive polymer, graphene, or the hybrid conductive polymer with graphene. 
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Table 2.3 Some materials used in this work. 
entry Materials Symbol Supplier 
1 
Indium doped Tin Oxide coated glass  
50 mm x 75 mm x 0.9 mm, Rs = 8-15 
Ω/□ 
ITO Delta Technologies 
2 
Indium doped Tin oxide coated plastic 
 Rs = 60 Ω/□ 
ITO Multek Sheldahl 
3 Adhesive copper tape - Newark 
4 UV-sealant glue  UVS91 Norland Products 
5 glass - Fisher  
6 Rubber gasket - McMaster 
7 Non-woven microfibers PET Nike, Inc. 
8 Metallic textile - Less EMF Inc. 
9 
Graphite 
- 
Asbury Carbons 
Grade 3243 
10 
N-Heptane 
- 
Fisher Scientific, 
99% Optima 
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2.3 Polymer Gel Electrolyte  
Polymer gel electrolytes are one important component in electrochromic devices and play 
a role in improving the performance of the devices. The gel electrolyte composition comprises of 
salt, solvent, crosslinkable polymer, and photoinitiator. The salt used in this work was lithium 
trifluoromethanesulfonate (LiTrif) since it is easy to dissolve and able to travel in the medium 
with high mobility which increases the ionic conductivity. Different solvents were investigated 
such as propylene carbonate, ethylene carbonate, and diethyl carbonate in either unary or binary 
mixtures (more discussed in chapter 6). The physical properties of the gel electrolyte depend on 
the solvent being used. First, the solvent(s) should have a high dielectric constant (ε) to dissolve 
the lithium salt. Secondly, they should have low viscosity to facilitate the movement of ions and 
monomers in the medium toward the working electrode in electrochromic devices. Third, they 
should have a high boiling temperature and low melting temperature to remain in the liquid state 
at room temperature and finally, they should be safe. The choice of an appropriate solvent(s) to 
prepare the gel electrolyte in an ECD is one way to improve the photopic contrast and is 
discussed in detail in chapter 6. The third component in a polymer gel electrolyte is a 
crosslinkable polymer and in the various studies poly (ethylene glycol) diacrylate (Mn = 700) 
was used. The importance of PEG-DA is to provide mechanical support for the matrix after it is 
cross linked into a solid in the presence of the photoinitiator when exposed to UV light. By 
mixing a specific amount of these components, for example 1 g LiTrif + 5 g solvent + 5 g PEG-
DA + 17.5 mg photoinitiator, sonicating for 15 minutes and exposing to UV light a solid gel 
electrolyte is formed as shown in Figure 2.1. Figure 2.2 shows the equipment using for 
sonicating the gel electrolyte components and the UV-Chamber to cure the gel electrolyte after 
exposure to UV light.  
 Figure 2.1 (A) Liquid gel electrolyte (B) solid gel electrolyte after expos
Figure 2.2 (A) Sonicator (B) 
 
 
 
 
ure 
UV-Chamber used to photo cure the gel electrolyte.
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to UV light.  
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2.4 Electrochemical Methods 
2.4.1 Cyclic Voltammetry (CV)  
Cyclic voltammetry (CV) is the most widely used technique to determine information 
about an electrochemical reaction of new conjugated polymers. It measures the oxidation and 
reduction potentials to determine the exact potential needed to polymerize the monomer. In 
cyclic voltammetry the potential between the working electrode and reference electrode changes 
linearly with time from an initial value, Einitial, where no reaction occurs in the electrode, to a 
second value, where reduction or oxidation of a polymer occurs. This change is termed the  
switching potential and then the direction of the linear sweep is reversed which means the 
potential will go back to Einitial as shown in the Figure 2.3. This method is called a triangular 
potential waveform and the ramping is called the scan rate (V/s). Figure 2.4 shows the current-
potential curve. The CV is characterized by several parameters: the oxidation (Epc) and reduction 
(Epa) peak potentials, the oxidation (Ipc) and reduction (Ipa) peak currents. These two sets of 
fundamental parameters characterize a redox couple. On the other hand the peak current of a 
reversible reaction is given by the Randles and Sevick equation: [1]  
                                                 R , 2  10l./Z'/'/                                                 (2.1) 
Where n is the number of electrons,  is the area of the electrode in cm2, Z
 
is the diffusion 
constant (cm
2
/s),  is the scan rate (V/s) and is the bulk concentration (moles/cm3).  
 
 
 Figure 2.3 Typical potential -
 
Figure 2.4 Typical cyclic voltammogram which show 
 
 
 
 
 time excitation signal in cyclic voltammetry. 
 
 
Epc, Epa, Ipc and Ipa 
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2.4.2 Chronocoulometry (CC) 
By knowing the oxidation potential of the electroactive monomer using the CV 
technique, the chronocoulometry (CC) technique is used to electropolymerize the electroactive 
monomer in electrochromic devices. In this technique, the change in the potential is very small to 
keep the potential almost constant during the polymerization process.  For example if the initial 
potential is 3 V the final potential will be 3.011 V. After the electroactive monomer is converted 
to conjugated polymer, then using the same technique the device will cycle between a positive 
and negative potential. When the positive potential is applied (oxidized state) the electron is 
removed from the valance band toward the working electrode and a hole is created which is 
balanced by the anion from the salt in the electrolyte gel. When a negative potential is applied 
the electron is injected in the material (reduced state) and the conjugated polymer returns to the 
neutral sate. The reversible change between positive and negative potential leads to a change in 
the band gap, resulting in a change in the optical properties. In this work, in situ electrochromic 
devices are prepared using a 3 V potential to polymerize the monomer and the device is cycled 
between ± 2 V. A CHI 400A or a CHI 660A potentiostat was used for all electro-polymerization 
and characterization (Figure 2.5).   
 
  
Figure 2.5 CHI Potentiostat which is used for the electrochemical experiment.
 
2.5  Ionic conductivity measurement
2.5.1 Theory 
The ionic conductivity for 
impedance spectroscopy (EIS). EIS
an alternating current is applied to the device. This method produces a spectrum showing the 
change of impedance, Z, with respect to 
v, and the current, i, is the impedance.
                                                                      
Where v(t) and i(t) are the potential and the current at time 
                                                            
 
a solid state gel electrolyte is carried out using electrical 
 is a method to determine the electrical conductivity 
frequency, f. In AC systems, the ratio between voltage
 
                                                                
t respectively. They are 
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(σ) when 
, 
(2.2) 
given by 
(2.3) 
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                                                             ,  sin   - !                                                   (2.4) 
where  and  are the voltage and current amplitudes respectively,   is the angular velocity and 
! is the phase shift. 
From equations 2.3 and 2.4, substitution into equation 2.1 gives the value of the complex 
impedance  
                                                             $ , $[! - .!                                                (2.5) 
                                                            $ , "#$ - %&$                                                     (2.6) 
Where "#$ and %&$ are the real and the imaginary parts of impedance which are called the 
resistance, R, and the reactance, X, respectively. 
                                                                   " , $ [!                                                            (2.7) 
                                                                  q , $.!                                                              (2.8) 
2.5.2 Experimental  
The ionic conductivity of the solid gel electrolyte is measured using an Agilent 4284A 
precision LCR meter by placing the sample between two electrodes (see Figure 2.6).Then the 
impedance as a function of frequency is determined, over a frequency range of 20 Hz to 100 
kHz. The solid gel electrolyte resistance, ,R is obtained from the plots of Z and f (Bode plots) as 
shown in Figure 2.7. The ionic conductivity of the solid gel electrolyte is then calculated using 
the equation  
                                                              , drs                                                               (2.9) 
 where t is the thickness of the solid electrolyte, 
electrodes.  
 
Figure 2.6 (A) Sample preparation design, the reservoir is filled with the liquid gel and 
exposed to UV to cure the gel. (B) Se
is placed between the cylindrical stainless
A is the electrolyte contact area with the 
tup for conductivity measurement: the solid gel electrolyte 
 steel electrodes. 
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 Figure 2.7 Bode plot showing
2.6 Sheet resistance measurement 
Measurement of the sheet resistance of conductive fabric
probe technique. To understand the theory of this technique the two and four point probe 
technique should be explained (see 
through one probe and exits from the other and the voltage is measured between the probes. 
Then the resistance of the material is calculated using Ohm’s law  
                                                           
where V is the voltage, and I is the current.  The relation between the electrical resistance (
the resistivity (  for a sample of length 
                                                                      
The sheet resistance Rs (Ω/□) is given by 
 impedance at different frequency. 
 
 is carried out using the four line 
Figure 2.8). In the two point probe, the current is
 
                                                                
l and surface area A is 
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 sent 
(2.10) 
R) and 
(2.11) 
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                                                                "i , " th                                                                   (2.12) 
where w is the width of the sample. The square in the unit Ω/□ means any square such as yard, 
feet, inch, etc. Therefore the sheet resistance is defined as the resistance of the material when 
multiplied by the number of squares.  The two point probe is the simplest technique in which just 
a digital multimeter with a current or voltage source is needed in order to then calculate the 
resistance automatically. This technique is not appropriate to calculate the resistance of a 
semiconductor material due to the parasitic resistances (see Figure 2.8A). The parasitic 
resistances are the probe resistance, the contact resistance, and the current spreading resistance. 
Therefore the two point probe technique cannot separate theses resistances from the true material 
resistance generating a random error in the results. To eliminate the parasitic resistances the four 
point probe was developed. This technique uses a four electrode contact with the material which 
has a resistance, R, and the distance between the probes is equal. As shown in Figure 2.8B, the 
current is sent from the outer probe and the voltage is measured between the inner probes which 
do not carry any current because they are in contact with a voltmeter with high resistance. 
Therefore the contact resistance is small compared with the resistance of the material. For a thin 
film where t << s (s being the distance between the probes) the sheet resistance is calculated 
from the equation: 
                                                                   "i , uvw   xy                                                           (2.13) 
The disadvantage of using a four point probe, in the case of thin and soft films, is that the 
technique damages the continuity of the films leading to an error in the results. Hiremath et al. 
developed a new technique, “four line probe”, which is suitable for measuring the sheet 
resistance of a thin film and fabric without using any pastes such as silver paste (see Figure 
 2.8C). The sample is put between the leads with the other substrate having rubber to avoid 
destroying the sample and then pressure is applied. Current is then applied to the outer leads 
while measuring a voltage drop across the inner leads. The advantage of us
the increased contact area between the sample and the leads, compared with just points in four 
point probe technique, which results in a more accurate value of sheet resistance. The formula 
used to calculate the sheet resistance, 
                                                                  
where R is the measured resistance, 
the leads. 
Figure 2.8 Sheet resistance techniques
line probe setup built according to reference 
and the rubber piece is added to avoid damag
 
 
 
ing this technique is 
Rs, when the four line probe technique is used
                                                                
w is the width of the sample, and l is the distance between 
: (A) two point probe (B) four point probe (C) four 
with the distance between each two leads 
ing the sample when pressure is applied.
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 is 
(2.14) 
 
is 0.35 cm 
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2.7 Optical Characterization 
2.7.1 UV-Vis-NIR Spectroscopy  
A Cary 5000 UV-vis-NIR was used in order to study the optical transmission or 
absorbance over a relatively wide wavelength range (see Figure 2.9). The spectrophotometer 
was connected with a CHI 660A potentiostat to apply a potential as well as cycle the devices. 
The advantages of using a spectrophotometer are: first, from the spectrum the photopic contrast 
(%∆T) of the electrochromic device can be calculated at a single wavelength or over the entire 
visible range using equations:  
                                                    %∆T = Tbleach- Tcolor                                                  (2.15) 
                                                    R , S BITIUI>IV59WX9S TIUI>IV59WX9                                               (2.16) 
Secondly, UV-vis optical absorption spectroscopy is an important technique to evaluate 
the band gap (Eg) of the material. The optical band gap of conjugated polymers can be measured 
from the intersection between the edge of the maximum absorption and the background. Then by 
determining the wavelength λ, Planck’s relation is used  
                                                       E , F , GHz                                                                   (2.17) 
 where h is Planck’s constant,  is the frequency, and c is the speed of light.  Thirdly, the other 
importance of an UV-vis spectrophotometer is to study the stability of the electrochromic 
devices through the “Kinetic technique”.  In this technique, the device switches between two 
different potential values at a single wavelength. Also, one can use this equipment to measure the 
color coordinates u΄ and v΄.  
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Figure 2.9 Cary 5000 UV-vis-NIR spectrophotometer. 
 
2.7.2 Colorimeter 
A Spectra Scan PR-670 colormeter was used to measure the color coordinates (u΄, v΄). 
The device is held in a black box which has two holes: one used for the colormeter lens and the 
other for a white lamp to light the inside of the box. By plotting u΄ and v΄ in the color space the 
exact color of the device can be determined. Figure 2.10 shows the picture of a Spectra Scan 
PR-670 colormeter. 
2.7.3 SEM Images 
The fabric morphology and the cross section of the samples was studied using scanning 
electron microscopy (SEM) which was performed using an AMRAY 1810 SEM and IXRF 
Systems Inc.   
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Figure 2.10 A Spectra Scan PR-670 colormeter which is used to measure color coordinates 
2.8  Film Characterization 
2.8.1  Film preparation  
 PEDOT:PSS films on glass substrates were prepared using the spin coating technique. In 
this process a small amount of the material was placed in the middle of the substrate and then 
spun at high angular speeds. The physics behind this technique is to balance the centrifugal and 
viscosity forces. The film forming process depends on the angular speed and viscosity as well as 
the spin time. Film thickness is proportional to angular speed; spin time and inversely 
proportional to viscosity as shown in Figure 2.11. Spin Coater Model P6700 was used (Figure 
2.12).  
 Figure 2.11 The factors effect
spin time (C) viscosity.
  Figure 2.12 Spin Coater Model P6700.
 
ing film thickness using spin coating process (A) spin speed (B) 
  
 
 
56 
 2.8.2 Film thickness measurement
 All PEDOT:PSS film thickness measurement
150 (Figure 2.13), after the film prepared using spin coating process then dried at 
minutes to anneal PEDOT:PSS by 
Figure 2.13 Veeco Dektak 150 which is 
2.9 Thermal Analysis  
  A Thermal Gravimetric Analysis (TGA 2950) was used to determine the amount 
metal inside the metallic textile. 
2.10 Stress-Strain Measurement
  A Dynamic Mechanical Analyzer (DMA 2980) was used 
for the untreated fabric, and conductive fabric.
 
 
s were carried out using a Veeco dektak 
removal of water.   
 
used for film thickness measurement.
 
 
to measure the stress
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110 °C for 10 
 
of 
-strain 
58 
 
2.11 Resistance at Different Temperature Study 
  A standard four-probe technique in a Physical Property Measurement System 
(Quantum Design) was used to study the resistance as a function of temperature over a 
wide range, 10 K to 400 K. 
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Chapter 3 Diffusion of Individual Monomers in the Solid-State 
Gel Matrix 
 
3.1 The Objectives 
 The goal of this chapter is to study the diffusion behavior of individual electroactive 
monomers as they diffuse into a solid state gel matrix. The diffusion behavior includes 
determining the diffusion length, diffusion speed, and monomer concentrations at each point in 
the diffusion pathway. The diffusion coefficients for the electroactive monomers were calculated 
in order to quantify the concentration at each point. The effect of the initial concentration of the 
electroactive monomers on the diffusion coefficients was also investigated. Finally, the diffusion 
of a monomer into a solid state gel matrix containing a second monomer was studied. All data 
obtained in this chapter was used to study the effect of diffusion on band gap modulation of 
conjugated co-polymers which is explained in chapter 4.  
3.2 Introduction 
Diffusion processes are commonly used in many applications in science and engineering 
such as particle movement in physics and the dynamic behavior of biomolecules in cell biology. 
Diffusion is defined as the process of particles flowing from a region of high concentration 
toward a region of low concentration i.e. the concentration gradient. Diffusion processes in the 
gas state are faster than liquid and solid states because there are no attractive forces between the 
molecules. Temperature, pressure, molecule size, and viscosity are some factors that affect 
diffusion processes. The diffusion of monomers in a polymeric system is a complex procedure 
which can depend on temperature, concentration, polymer molecular weight, and polymer 
morphology.[1]Therefore, it is difficult to understand the diffusion of small molecules in polymer 
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compositions. There are many difficult techniques to calculate diffusion coefficients of polymers 
such as gravimetry, membrane permeation, transport phenomena, and fluorescence. [2-5] 
Numerous studies on the diffusion of small and large molecules into a polymer gel were 
investigated and led to many theoretical descriptions. [6-8] For example, the diffusion of methanol 
in poly(methyl methacrylate) was reported by Grinsted et al.[9] and Ercken et al.[10] S.Galleo et al. 
reported a theoretical model and experimental analysis for the diffusion of a monomer in a 
photopolymer material. They analyzed the importance of the monomer diffusion in the 
photopolymer using a three-dimensional diffusion model solved by a finite difference method. 
Different models and theories of diffusion in a polymeric system were discussed in the literature 
under different circumstances and all of them contributed some knowledge for understanding 
diffusion phenomena. [11-13]  
3.3 Monomers used in This Study 
In this chapter, the study focused on five electroactive monomers: EDOT, pyrrole, 
bithiophene, ProDOT-Me2, ProDOT-tBu2.  These monomers are converted to a conjugated 
polymer when a potential is applied (see Table 3.1).  
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Table 3.1 Monomers used in these experiments. 
Monomer Structure Conjugated polymer Neutral State Oxidized State 
EDOT 
 
PEDOT dark blue light blue 
Pyrrole 
 
Polypyrrole yellow brown 
Bithiophene 
 
Polybithiophene orange blue-gray 
ProDOT-Me2 
 
PProDOT-Me2 dark blue transparent 
ProDOT-tBu2 
 
PProDOT-tBu2 yellow transparent 
 
 
 
 
S
OO
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3.4 More details about conjugated polymers 
3.4.1 Poly(3,4-ethylenedioxythiophene) (PEDOT) 
 PEDOT is one of the most widely investigated conjugated polymers due to its excellent 
electro-optical properties.[17] PEDOT can be synthesized through simple polymerization of 3,4-
ethylenedioxythiophene (EDOT). PEDOT offers several advantages compared to other 
conjugated polymers inculding excellent environment stability, low oxidation potential, and low 
bandgap (Eg = 1.6ev), Since PEDOT has high electronic conductivity in its conducitve 
(oxidation) state, it is used in electrochromic devices. PEDOT films switch between dark blue in 
the neutral (insulator) state and a light sky blue in oxidized (conductive) state. [18-22] 
 3.4.2 Polypyrrole (PPy): 
Polypyrrole (PPy) is a conjugated polymer that has special interest because it has high 
electrical conductivity, flexibility, and good mechanical properties. [26-27] The electrochromic 
properties of polypyrrole show a yellow color in the insulating (undoped) state and brown in 
conductive (doped) state. 
3.4.3 Polybithiophene (PBT)  
Polythiophene and its derivatives are considered important due to their useful physical 
properties such as electrical conductivity and electrochromism. It switches color between 
orange/red in the reduced state and blue in the oxidized state because the polymer shows two 
distinct reduction peaks and one broad oxidation in orange-red region and blue region, 
respectively. [28-29]  
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3.4.4 Poly(2,2-dimethyl-3,4-propylenedioxythiophene) (PProDOT-Me2) 
PProDOT-Me2 is one of the important conjugated polymers used in electrochromic 
devices because it gives high contrast and high switching speed.[23]. It switches between deep 
blue color and transparent in the neutral and oxidized states, respectively.[24] The neutral state is 
characterized by an absorption around 678 nm with a bandgap of 1.91 eV ,therefore, the film 
shows blue color in this state. In the oxidized state, the film becomes transparent because the 
energy bandgap decreases and a lower transition occurs near 580 nm.[25] 
3.4.5  Poly(1,3-di-tert-butyl-3,4-propylenedioxythiophene) (PProDOT-tBu2) 
PProDOT-tBu2 films switche between yellow in the neutral state to transparent in the 
oxidized state. PProDOT-tBu2 has an absorption wavelength at 495 nm, a high energy band gap, 
2.5 eV, which is about 0.35 eV higher compared to PProDOT-Me2.  
 
3.5 Experimental Theory 
When the monomer diffuses from the reservoir into the surrounding gel matrix, the 
concentration at a given position changes with time, i.e. the concentration gradient decreases 
with increasing distance from the reservoir, and thus the flux changes with time. This case 
represents non-steady-state diffusion which shows the change in the concentration gradient 
through the solid. It can be described by Fick’s second law “the change in the concentration (c) 
per unit time is proportional to the gradient in the flux (J) at that position” 
                                                    >H>d , f >{>N                                                                    (3.1)                                      
For non-steady-state, the diffusion coefficient (D) does not depend on time. Therefore, 
equation 1 can be written as: 
                                                                    
>H
>d , Z >5H>N5                                                              (3.2) 
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Where Fick’s first law e , fZ >c>N is applied and >c>N is the concentration gradient. This is a 
second order linear partial differential equation. The solution requires boundary conditions to be 
defined and which in this case are:  
 
i-  ,  at | , 0 where  is the initial monomer concentration  
ii-  , 0 at | , ∞ since the monomer concentration decreases when the distance increases. 
Therefore the solution of equation 3.2, which represents the concentration N at distance x after 
time t, is given by:               
                                                              N|,  ,  N√ad                                               (3.3) 
where, erfc is the error-function complement which is given by  
                                                               N√ad , 1 f erf N√ad                                           (3.4) 
where, erf is the Gauss error-function which can be obtained from literature and handbooks. 
The quantity √2Z is called the diffusion length l and the diffusion coefficient is calculated from 
the equation 
                                                                    , √2Z                                                                 (3.5) 
The diffusion coefficient follows equation (3.5) at a short time scale, and remains constant 
through the diffusion process. 
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3.6  Experimental Details 
3.6.1 Materials 
Lithium trifluoromethanesulfonate (LITRIF), dimethoxyphenylacetophenone (DMPAP), 
propylene carbonate (PC), polyethylene glycol diacrylate (PEGDA), pyrrole, and bithiophene 
were purchased from Sigma-Aldrich. EDOT was purchased from Heraeus Clevious GmbH. 2,2-
dimethyl-3,4-propylenedioxythiophene (ProDOT-Me2) was synthesized according to the 
literature procedure.[14] 1,3-tert-butylpropylenedioxythiophene (ProDOT-tB2) was synthesized 
according to the reported procedure.[15].  
3.6.2 Gel Polymer Electrolytes: 
The gel polymer electrolyte was prepared with 1 g of lithium trifluoromethanesulfonate 
(LITRIF) salt, 5 g of propylene carbonate (PC) as a plasticizer, 5 g of polyethylene glycol 
diacrylate to crosslink the gel , and 17.5 mg of photoinitiator DMPAP . Poly (ethylene glycol) 
provides mechanical support while propylene carbonate serves as the solvent and also as the 
diffusion medium, and is capable of forming a stable gel with the polymer host structure.[16] All 
materials were added together and sonicated for 15 minutes until dissolved. The electrolyte is 
observed as a colorless to a light yellow liquid before UV exposure and a transparent colorless 
gel afterward.  
3.6.3 Monomers Solution 
In the experiment, the monomers in a propylene carbonate solution (ca. 7M) containing 
0.1M LITRIF was used to study the diffusion of the monomer in the solid state gel. The 
monomer solution has the LITRIF salt to induce homogeneity between the gel matrix and the 
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monomer solution which ensured that just monomer diffused into the system. Also, this solution 
used to prepare different concentrations of monomer. For example, 2.5 wt% EDOT means 25 mg 
EDOT in 1000 mg solution. 
3.6.4 Device Design and Experimental Steps  
 Herein an easier way to study the diffusion behavior of an individual monomer as it 
diffuses in a solid state electrolyte gel is introduced. This method applies for monomers which 
are converted to conjugated polymers after a potential is applied. Figure 3.1 shows the device 
design and the steps that are used for studying the diffusion of the monomer into a polymer gel. 
The design is constructed from two plastic and glass ITO substrates separated by a rubber gasket. 
The rubber gasket is glued between these two pieces. This design shows an open reservoir 
positioned in the middle of the top ITO substrate. Next, the gel electrolyte is injected into the 
device and UV light, 365nm, is used to cure gel and seal the device. After curing, the rubber 
parts in the hole are removed and the monomer solution filled into the reservoir. The monomers 
are allowed to diffuse for different time periods, from 2 to 24 hours, until the distance saturates. 
To determine the diffusion distance at each time, the excess monomer solution is removed from 
the reservoir and then monomer that has diffused into the device is electrochemically converted 
to conjugated polymer by applying potential. These conjugated polymers have a specific color 
which determines the diffusion distance x. This method just works for monomers that can be 
converted to a conjugated polymer due to their ability to change color after an external potential 
is applied. This color helps measure the distance that the monomer has diffused into the gel 
matrix at different times and then the diffusion coefficient can be calculated. 
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A the device Structure B Fix rubber on the hole 
 
 
C Inject the liquid gel electrolyte D Apply UV to cure the gel 
  
E the gel cured  F fill monomer in the reservoir  
  
G the monomer diffuse into the solid gel  H the monomer convert to polymer after applying potential 
 
I conjugated polymer in color state 
Figure 3.1 the device design and the steps that are used for studying the diffusion of the monomer into a polymer gel. 
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3.7 Results and discussion  
3.7.1 Monomer Diffusion Length 
The electroactive monomer solution is added to the reservoir of the ECD then allowed to 
diffuse through the surrounding gel electrolyte matrix for a predetermined amount of time (from 
2 to 24 hours). The diffused electroactive monomer, at each time, is polymerized by applying a 3 
V potential to the device to form a conjugated polymer then cycled between ± 2 V. The edge of 
the colored area in the device helps to measure the diffusion length (l) at different time periods. 
For example the distance EDOT travelled was measured after its conversion to PEDOT by 
tracing the deep blue color of PEDOT in its neutral state as shown in Figure 3.2. Tables 3.2, 3.3, 
3.4, and 3.5 show the diffusion length at each time for EDOT, pyrrole, bithiophene, and 
ProDOT-Me2, respectively. Figure 3.3 shows the diffusion length at various times. As shown in 
the figure all monomers have the same behavior, i.e. the diffusion length increases as time 
increases until saturation. For each electroactive monomer, the saturation point, the point where 
the diffusion is slow that it is negligible in the time scale of the study, and the saturation 
distance, which is the distance the electroactive monomer traveled to reach the saturation point 
are determined. Table 3.6 shows the saturation distance for each monomer. As shown in Figure 
3.3 and Table 3.6 pyrrole traveled the furthest in the solid state gel matrix compared with the 
other monomers due to the small size of the molecule. Hence, our results agree well with the 
theoretical predictions derived from the “Stoke-Einstein equation”. Determining the saturation 
points of each monomer is important in order to study the effect of diffusion of two monomers as 
they diffuse towards each other (Chapter 4). 
 
 Figure 3.2 The diffusion length can be measured from the observed color of the 
polymerized EDOT in the reduced state.
Table 3.2 Diffusion Length of EDOT at various times.
 
t=2hr 
x= 1.15 mm 
 
t=8hr 
x= 2.10 mm 
 
 
t=12hr 
x= 2.82 mm 
 
 
 
 
 
 
  
 
t=4hr 
x= 1.89 mm 
 
t=10hr 
x= 2.82 mm 
 
t=14hr 
x= 2.82 mm 
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Table 3.3 Diffusion length of pyrrole at various times. 
  
t=1hr 
x= 1.25 mm 
t=2hr 
x= 2.2 mm 
  
t=12hr 
x= 5 mm 
t=13hr 
x= 5.3 mm 
 
 
 
t=17hr 
x= 5.8 mm 
t=20hr 
x= 5.8 mm 
 
 
Table 3.4 Diffusion length of bithiophene at various times. 
  
t=2hr 
x= 1.68 mm 
t=6hr 
x= 4.11 mm 
  
t=8hr 
x= 4.29  mm 
t=14hr 
x= 5.76 mm 
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Table 3.5 Diffusion length of ProDOT-Me2 at various times. 
  
t=3hr 
x= 0.8mm 
t=5hr 
x=1.2 mm 
  
t=11hr 
x= 1.6 mm 
t=12hr 
x=1.7 mm 
 
 
 
 Figure 3.3 The diffusion length at various times for pyrrole, EDOT, ProDOT
and ProDOT-tBu2, respectively.  
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3.7.2 Diffusion Coefficient Calculation 
The diffusion coefficient of each electroactive monomer was calculated based on the 
distance the electroactive monomer traveled in time t using equation 3.5, and is summarized in 
Table 3.6.  As shown in the table, the diffusion coefficients are inversely proportional to the 
electroactive monomer size and therefore the diffusion coefficient of pyrrole is approximately 
three orders of magnitude higher compared to ProDOT-tBu2.  
Table 3.6 Diffusion coefficients and saturation distance of each electroactive monomer. 
Monomers Diffusion coefficients (m2/s) Saturation distance (mm) 
Pyrrole 2.95E-9 5.76 
Bithiophene 2.58E-10 4.8 
EDOT 9.57E-11 3 
ProDOT-Me2 1.21E-11 1.8 
ProDOT-tBu2 4.63E-12 1 
 
3.7.3 Monomer Concentration Calculation 
For each electroactive monomer the monomer concentration at each point was calculated 
based on the diffusion coefficient and the distance between the reservoir and the point using 
equation 3.3 where the error function was determined from the tables. Figure 3.4 shows 
concentration of monomer versus distance travelled. The diffusion rate decreases as the 
electroactive monomer travels further into the polymer electrolyte matrix accompanied with a 
decrease in concentration gradient, which was expected due to less driving force according to 
Fick’s second law.  
 Figure 3.4 The concentration at each point in the diffusion pathway for (A) pyrrole (B) 
EDOT (C) ProDOT
 
 
-Me2 (D) ProDOT-tBu2 
74 
 
75 
 
3.7.4 Diffusion Coefficient at Different Concentrations 
Although there has been no conclusive equation for the relation between the 
concentration of monomer and the diffusion coefficient, the correlation between initial monomer 
concentration and diffusion coefficient of ProDOT-Me2 is presented and the results tabulated in 
Table 3.7 and Figure 3.4. By increasing the initial monomer concentration the diffusion 
coefficient increases due to higher driving force and reaches a saturation point. A slight change 
in the concentration above saturation due to more monomers tries to diffuse into the solid gel 
matrix leading to decrease the diffusion capacity.  
 
 
Table 3.7 Diffusion coefficients at different initial concentrations for ProDOT-Me2.   
Monomer initial concentration (wt %) Diffusion Coefficients (mm2/hr) 
5 0.0436 
10 0.0898 
15 0.1010 
20 0.1193 
25 0.1289 
35 0.1345 
40 0.1347 
50 0.1352 
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 Figure 3.5 Diffusion coefficients vs. initial concentrations of ProDOT-Me2 
 
3.7.5 Independence of the monomer diffusion behavior 
It was demonstrated that the diffusion coefficient of monomers do not depend on the 
presence of a second monomer in the electrolyte gel. The gel electrolyte was mixed with 2.5 wt% 
of EDOT (0.25 g EDOT in 1 g gel electrolyte) and the in situ electrochromic device used for this 
purpose was prepared as shown in Figure 3.6. The monomer solution was prepared by 
dissolving 0.5 g bithiophene in 1 g stock solution, then the reservoir was filled with this solution, 
and the monomer was allowed to diffuse for different periods of time. At each time, a potential 
of +3 V was applied for 30 seconds converting the monomers to homopolymers and cycled 
between ±2 V, to measure the distance bithiophene had diffused into the EDOT gel matrix. Then 
the bithiophene diffusion coefficient (D) was calculated using equation 3.5. The D value of 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0 20 40 60
c (wt%)
D
 
(m
m
2 /h
r)
 bithiophene in EDOT electrolyte gel 
matrix. This result confirms the independence of the diffusion behavior of monomers.
 
Figure 3.6 (A) and (B) diffusion 
monomer (2.5 wt% EDOT).
 
 
3.7.6 Independence of polymerization route
Processes such as electrochemical conversion by applying potential + 3 V or bromine 
vapor exposure can be used to polymerize the electroactive monomer. In this section the effect o
polymerization routes is investigated. As shown in 
using either electrochemical polymerization or bromine vapor is the same, 1.9 mm. Although the 
result was not affected by the polymerization route, the electro
suitable approach compared to vapor exposure
top of the ITO electrode to be removed from the device to allow exposure to bromine vapor
as a result the environment. The re
color back and forth as well as the dark orange color of bromine 
altering the color of the device.  
was the same as the value obtained in a pure electrolyte 
of bithiophene into solid pure gel containing 
 
 
Figure 3.7, the diffusion distance measured 
-polymerization method is a more 
 because the toxicity of bromine and need for
sulting one electrode system makes it difficult to switch the 
is residual in the gel electrolyte 
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Figure 3.7 The electro-polymerization (left) chemical polymerization using bromine 
(right) for PEDOT.  
 
3.8 Conclusion 
A new easy way was presented to study the diffusion of electroactive monomer into a 
solid state gel matrix. The study calculated the diffusion coefficients of five electroactive 
monomers and their corresponding saturation distances. Pyrrole exhibited the highest diffusion 
coefficient 2.95x 10-9 m2/s and traveled the furthest, 6 mm, compared with the other monomers 
due to the smaller size of the molecule.  The diffusion coefficient was found to be dependent on 
the initial monomer concentration at low concentrations and independent in the presence of a 
second monomer as well as the polymerization route.  The gradient concentration in the diffusion 
pathway was also seen. All results concluded from the single monomer diffusion experiments 
were used to study the effect of diffusion for modulating the band gap of conjugated copolymers. 
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Chapter 4  Solid-State High-Throughput Screening for Modulating 
the Band Gap of Conjugated polymer 
 
4.1 Objectives 
After studying the diffusion of individual monomers into a solid state gel matrix the goals 
of this chapter were to study: 
i- The effect of monomer feed ratios as they diffuse toward each other to modulate 
the band gap by creating different copolymers. 
ii- The relation between the monomer feed ratio and the copolymer composition at 
each point in the codiffusion pathway which is determined by the color coordinate. 
iii- Construction of electrochromic devices based on feed ratios calculated from 
copolymerization approach to determine the accuracy of the method. 
 
4.2 Abstract   
 
Analogous to the paint industry, where two or three dyes can be combined to make any color, 
various feed ratios of only two or three different monomers in the synthesis of conjugated 
copolymers (CPs) could yield the same result for electrochromic applications. Utilizing the in 
situ method for preparing electrochromic devices (ECDs),[1,2] developed by our lab, and the 
fundamental diffusion of small molecules in a solid state electrolyte, a specific color can be 
linked to an exact monomer feed ratio, allowing for a high-throughput evaluation of conjugated 
copolymer compositions for color-specific electrochromic applications. Specifically, monomers 
diffuse from their respective starting points inside a gel electrolyte matrix, generating a diffusion 
gradient as they emanate outwards. Monomers across this gradient are then oxidatively 
copolymerized, in situ, and a colorimetric analysis at all points along the diffusion path is 
obtained. The monomer feed ratio of a two-component system can then be linked to the optical 
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properties of the resultant copolymer. If each of two homopolymers generated from each of the 
two respective monomers exhibits single wavelength absorption, then the copolymer will exhibit 
single wavelength absorption and any color associated with single wavelength absorption can be 
obtained. Here, several different monomers in which the conjugated homopolymers have a single 
wavelength absorption with a focus on 1,3-di-tert-butyl-3,4-propylenedioxythiophene (ProDOT-
tBu2) and 2,2-dimethyl-3,4-propylenedioxythiophene (ProDOT-Me2), since their respective 
homopolymers are at the high and low energy extremes of the visible spectrum, are evaluated. 
The two other monomer combinations studied were EDOT/ bithiophene and ProDOT-Me2 
/bithiophene. From ProDOT-tBu2 and ProDOT-Me2, copolymers generated from a gradient of 
monomer feed ratios were found to exhibit single wavelength spectra exhibiting all colors except 
green and black. A unique and important feature of these two homopolymers is that they both 
have the same highly transmissive sky blue color in their oxidized state, something that is 
essential for most eyewear and display applications. These findings could have a significant 
impact on electrochromic applications such as displays, eyewear, windows, and fabric wherein 
achieving a specific color or color set is critical to its functional use. Further, these colors could 
be obtained on a relatively short timescale, avoiding numerous synthetic procedures to obtain 
application specific colors. Our in situ approach allows for the use of a small subset of 
monomers, when copolymerized, generating an innumerable variety of colors.  
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4.3 Introduction 
Conjugated polymers have drawn attention since their discovery in the late 1970s, mainly 
due to promise in applications such as organic transistors,[3,4] OLEDs,[5-8] organic photovoltaics 
(OPVs),[9-11] and displays.[12] CPs exhibit electrochromism, the ability to reversibly switch colors 
with applied voltage.[13] Owing to their flexibility, low cost in manufacturing, color versatility 
and high coloration efficiency, CPs have great potential for transition to the industrial 
sector.[14,15] The extended π conjugation along the CP backbone renders its spectral absorption, 
typically, within the visible region and the energy gap between the valance band and conduction 
band changes with the external bias, resulting in absorption shifts and visible color changes. 
These properties make conjugated polymers of considerable interest for devices where the 
optical modulation of transmittance and/or reflectance is desired. Poly(3,4-
ethylenedioxythiophene) (PEDOT), as an electrochromic, is dark blue in the neutral state and a 
lighter blue in the oxidized state.[16] There are different methods to alter the optical transition of 
conjugated polymers. First, by tuning the chemical structure of the polymer, the electronic 
character of the π system can be adjusted to yield different colors and color transitions. For 
example, PProDOT-Me2 switches between purple and sky blue. [17] Second, the combination of 
blends, laminates, and composites of electrochromic material. Third, copolymerization of two 
different monomers as a means modulating the band gap structure.  
Generally, electrochromic devices consisting of CPs can be prepared by two methods. A first 
method involves designing a polymer structure that would be thought to have a specific color, 
while exhibiting solubility, and then to prepare this polymer via synthetic procedures, followed 
by its purification and characterization. The soluble conjugated polymer is then processed as a 
thin film onto indium doped tin oxide (ITO) coated substrate. In a recent study, Scherer et al. 
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chemically polymerized a diblock copolymer poly(4-fluorostyrene-r-styrene)-b-poly(D,L-
lactide) (P(F)S-b-PLA) as a network in V2O5.[19] In some cases, copolymers with precise 
compositions were made by oxidative chemical polymerization in order to achieve the desired 
color.[18] A second method involves electrochemical deposition[20-25] of CP from an electrolyte 
bath where the fabrication of an ECD involves depositing the CP film onto the ITO substrate 
from a monomer solution, and then sandwiching a polymer electrolyte between two pieces of 
ITO.[26-28] For example, Toppare et al. synthesized a copolymer of 1-(perfluorophenyl)-2, 5-
di(thiophen-2yl)-1H-pyrrole and EDOT exhibiting multichromism with transitions of red-violet, 
amber, green, and blue.[29] In either chemical or electrochemical polymerization, a laborious 
process is usually involved.  Products with different combination and ratios of the monomer or 
monomers have to be synthesized and characterized in separate batches. In addition to the time 
consuming process, a large amount of electrolyte solvent, salt, and leftover monomers generated 
from each batch raise environmental concerns.   
Recently, our group reported an approach for electrochromic device assembly[1-2] that 
involves the mixing of an electroactive monomer with oligoethlyene glycol acrylate, salt and 
plasticizer followed by a one layer sandwiching of this mixture between two ITO coated 
substrates. Sequentially, the electrolyte is UV crosslinked, and the CP is formed via 
electrochemical oxidation of the electroactive monomer. This method not only increases the 
success rate of device fabrication but also renders the CP within the crosslinked polyelectrolyte. 
This approach utilizes all of the chemicals used for the preparation of the CP and thereby reduces 
chemical waste.  
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4.4 The Concept  
Here, a new method to monitor the copolymerization of two different monomers as they 
diffuse into each other by use of in situ electrochromic devices based on diffusion fundamentals 
is presented. Construction of electrochromic devices based on feed ratios calculated from the 
copolymerization approach is used to determine the accuracy of the method. This method does 
not require complicated synthesis, complex calculation, long synthesis time, and does not 
produce a large amount chemical waste. Diffusion of each monomer within the polymer 
electrolyte is established as well as a diffusion gradient of the two monomers. The 
homopolymers represent the energy extremes of the visible spectrum and the generated 
copolymers have a single wavelength between these two extremes which represents all the colors 
of the subtractive visible spectrum with the exception of green. Knowledge of the monomer 
diffusion (chapter 3) allows for precise calculation of the monomer feed ratio to generate the 
color of interest for an electrochromic device. Our high-throughput screening method was 
verified by pinpointing a color coordinate obtained from the screening technique and using the 
calculated composition to generate the desired color in an electrochromic device. 
4.5 Experimental Theory  
First, the diffusion of individual electroactive monomers was measured (as explained in 
chapter 3) to determine the diffusion coefficient, saturation distance, and concentration along the 
diffusion pathway. Second, the study of the two electroactive monomers A and B when they 
diffuse toward each other in the solid gel was investigated. These two electroactive monomers 
each generate a diffusion gradient and at the saturation point the monomers are electro-
polymerized by application of a potential which generates different copolymers in the overlap 
area (the monomer mixing area or copolymer region).  This mean that from two homopolymers 
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having energy band gaps EgA and EgB, respectively, several copolymers with different band gaps 
(Eg1,Eg2,….) are generated in a single run due to the change in the monomer feed ratio at each 
point. To calculate the exact monomer feed ratio at each point: suppose Z'  and Z  are the 
diffusion coefficients of the electroactive monomers A and B respectively. If Z'  Z then the 
copolymer region will be closer to the reservoir containing monomer A because the saturation 
distance of A is less than the saturation distance of B. Suppose the copolymer region has the 
points 1,2,3, etc.  The monomer feed ratios are calculated at each point, cCc5  
 At point 1: 
The concentration of monomer A at point 1 is  
                                                                  NC|', ' , C NCaCdC                                    (4.1) 
where C is the initial concentration of monomer A,  |' is the distance between reservoir A and 
point 1, 'is the time needed for monomer A to reach point 1 which was determined previously 
(chapter 3),  and erfc is the complementary error function. 
The concentration of monomer B at point 1 is  
                                                                    NC′|'′ , '′ , 5 NC′a5dC′                               (4.2) 
Where 5 is the initial concentration of monomer B, |'′ is the distance between reservoir B and 
point 1, '′is the time needed for monomer B to reach point 1 which was determined previous 
(chapter 3). 
From equation (4.1) and (4.2) the monomer feed ratios at point 1 is: 
                                                                    
HLCNC,dCHLC′NC′ ,dC′ ,
H9C#AH LC5CC 
H95#AH LC′55C′
                                       (4.3) 
In general the monomer feed ratio at point m: 
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HLJNJ,dJHLJ′NJ′ ,dJ′ ,
H9C#AH LJ5CJ 
H95#AH LJ′55J′
                                     (4.4) 
Where Cand 5are the initial concentration of monomers 1 and 2 respectively,  |&and |&′ are 
the distance between point m and reservoirs A, B respectively, and. &  and &′  are the times 
needed for monomer 1 and 2 to reach point m. 
Third, the relation between the electroactive monomer feed ratios and the electropolymerized 
copolymer composition is established by determining the colors of the copolymer using CIE 
Lu΄v΄ color coordinates (u΄, v΄) for various points between the two reservoirs at set distance 
intervals. Thus, as a color screening method, one is able to measure color coordinates of 
copolymers with different monomer feed ratios in a single test. Furthermore, using this system it 
is possible to predict the composition of electroactive monomers given the color coordinates of a 
device. It is worth to say that although the relationship between the electroactive monomer feed 
ratio and the electropolymerized copolymer composition has been the subject of several 
reports[25,32,33] but there has been no conclusive equation to predict the composition of the 
copolymer. Here the first relation between the electroactive monomer feed ratio and 
electropolymerized copolymer composition is presented. 
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4.6  Experimental Details 
4.6.1 Materials 
All materials used in this study are the same as explained in chapter 3. 
4.6.2 Device Design and Experimental Steps 
Using the diffusion behavior of individual electroactive monomers, copolymerization of 
two monomers was used to design a high-throughput color screening platform. In carrying out 
these experiments two criteria were established: 1) saturation point, where diffusion is so slow 
that it is negligible on the time scale of the experiment; 2) saturation distance, the furthest 
distance traveled by the electroactive monomer at the saturation point. The apparatus used for the 
experiment, depicted in Figure 4.1, was constructed as follows; a rubber gasket was glued 
between two pieces of ITO. Square holes were cut over the ITO, the proper distance between the 
holes is determined by the saturation distances of the two electroactive monomers, and rubber 
parts were fitted into these holes. The gel electrolyte was filled into the device and cured by UV 
light, 365nm. After curing, the small rubber cubes were removed from the holes forming two 
reservoirs in the solid-state gel electrolyte. Monomer solutions of different concentrations (wt: 
wt content of monomer 1 and monomer 2 to total weight of solution placed in reservoirs) were 
placed in these reservoirs and the monomers were allowed to diffuse for the specified period of 
time. Finally, the electroactive monomers were electrochemically polymerized by applying a 
potential, + 3 V, to the device for 30 s and a potential bias of ±2 V was used for switching the 
electrochromic device between its two states. The copolymers were formed across the diffusion 
gradient. Electrochemistry was carried out using either a CHI 400 or a CHI 660A potentiostat. A 
 PR-670 SpectroScan Spectroradiometer (Photo Research, Inc.) was used for colorimetric 
analysis.  
 
 Figure 4.1 (A) Electrolyte gel was injected between two pieces of ITO sandwiche
together by a rubber gasket. (B) The liquid gel was cured by UV light for 5 minutes at 365 nm to 
produce a solid-state electrolyte gel, and the two rubber pieces are removed exposing the two 
reservoirs. (C) Each well was filled with a different electroac
monomers reach diffusion saturation. (E) A potential of +3 V was applied to the device for 30 s 
forming homopolymers and also copolymers of various feed ratios where the diffusion of the two 
separate monomers overlapped.  
 
 
tive monomer solution (D) Both 
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4.7 Results and discussion  
To fully exploit our concept with respect to most of the visible spectrum, we focused our 
attention on a two component system consisting of ProDOT-Me2 and ProDOT-tBu2 because the 
homopolymers from these monomers represent two extremes of the color spectrum. However, 
we have extended the study to two other binary combinations. 
4.7.1 System 1: ProDOT-Me2 and ProDOT-tBu2  
ProDOT-Me2 and ProDOT-tBu2, whose homopolymers are blue and yellow, respectively, in 
their neutral states, are both sky blue transparent in their oxidized states. After 17 hours of the 
two electroactive monomers diffusing toward each other in the gel matrix, a concentration 
gradient is established which is known based upon the respective diffusion of each of the two 
monomers, and the monomers were electrochemically copolymerized to generate an array of 
colors extending from blue to yellow in the subtractive visible spectrum. For example, in the 
copolymer region, the mixture of ProDOT-Me2 and ProDOT-tBu2 consisting of a 1:1.5 wt% feed 
ratio generated the primary color red having a color coordinate of (0.420, 0.516) as shown in 
Figure 4.2B. In contrast to this, a simple mixing of a blue dye and a yellow dye results in green 
since green is the only color that is transmitted and all other colors are absorbed by the mixture 
of the two dyes. However, the copolymer region, Figure 4.2B and Figure 4.3, does not show a 
green color because green has two distinct optical absorption bands, and the copolymers 
generated between the two reservoirs would only have one broad single wavelength π to π * 
transition as a result of forming only one copolymer composition at any one point along the 
gradient. [35] In this study, the concentration of the monomer in each reservoir was 5 wt%. The 
copolymer region is closest to ProDOT-tBu2 reservoir due to the size and hence the slower 
diffusion of ProDOT-tBu2 in comparison to the dimethyl derivative. As shown in Figure 4.3, the 
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copolymer region shows an entire gradient of colors between blue and yellow including purple, 
pink, red, brown, and orange. The color coordinates (u΄, v΄) for PProDOT-Me2, PProDOT-tBu2, 
and at each point in the copolymer region is shown in Figure 4.4. The reason for this gradient of 
colors is due to the change of the monomer feed ratio at each point (Table 4.1), and hence a 
change in the amount of each respective monomer within the backbone of the conjugated 
copolymer. Each different copolymer will have a different band gap. Of significant importance 
for their use in display and eyewear applications, all copolymers across this gradient exhibit the 
same sky blue transmissive state when the gradient is switched from the colored to the bleached 
state as shown in Figure 4.2(A). 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.2 (A) and (B) are the high
PProDOT-Me2 and copolymer region in the oxidized and the neutral states, respectively. 
represents the copolymer region in which the feed ratio of 
varies. (C) shows the chemical structures of P
where m and n can be any integer including 0, 1, 2, 3….in the copolymer region. 
spectrum of subtractive color [33]
 
-throughput screening device showing PProDOT
ProDOT-tBu2 and ProDOT
ProDOT-tBu2, PProDOT-Me2, and the copolymer, 
 shows the color of the two homopolymers and the copolymers.
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-tBu2, 
C.R. 
-Me2 
(D) The color 
 
 Figure 4.3 The neutral, colored state, electrochromic copolymer between the two 
reservoirs 
Figure 4.4  Color coordinates for PProDOT
in Figure 4.3 
 
 
 
in which the distance between each point is 0.1 mm
-tBu2, PProDOT-Me2, and each point indicated 
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Table 4.1 The monomer feed ratios and the color coordinates at each point in copolymer 
region. 
Point ProDOT-tBu2 (%) ProDOT-Me2 (%) u΄ v΄ 
1 77.7 22.3 0.238 0.521 
2 74.6 25.4 0.288 0.542 
3 71.3 28.4 0.310 0.539 
4 67.7 32.3 0.341 0.536 
5 63.5 36.5 0.404 0.528 
6 59.3 40.7 0.439 0.516 
7 55.5 44.5 0.426 0.513 
8 50.4 49.6 0.395 0.478 
9 45.5 54.5 0.255 0.407 
10 41.3 58.7 0.227 0.383 
 
4.7.2 System 2: Bithiophene and EDOT 
In a second study, a two component system consisting of EDOT and bithiophene was studied, 
of which the homopolymers are dark blue and orange, respectively, in their neutral states and 
light blue and blue-gray in their oxidized states. In this study, an EDOT solution was prepared by 
adding 0.25 g EDOT in 1 g stock solution and a bithiophene solution was prepared by adding 0.5 
g bithiophene in 1 g stock solution. The reservoirs were filled with monomer solutions and then 
monomers were allowed to diffuse toward each other in the gel matrix for 20 hours, and then 
electrochemically copolymerized as shown in Figure 4.5A. The copolymer region is closest to 
the EDOT reservoir because the saturation distance of EDOT is 3.3 mm and the diffusion 
coefficient of EDOT is less than bithiophene. As shown in Figure 4.5B, the copolymer region 
 shows different copolymers with blue
monomer feed ratio (Table 4.2)
at each point in the copolymer region are shown 
Figure 4.5 A) The high-throughput screening device shows PEDOT, Pbithiophene, and the 
copolymer region in their neutral states. (B
containing the electrochromic copolymer in which
 
Table 4.2 The monomer feed ratios
point 
1 
2 
3 
 
  
, purple, and orange-purple due to a change in the 
. The colors coordinates (u΄, v΄) for PEDOT, Pbithiophene, and 
Figure 4.6.  
)  The neutral state between the two reservoirs 
 the distance between each point is 1 mm. 
 at point 1, 2, and 3 in the copolymer region of system 2
Bithiophene (%) EDOT (%)
96.79 3.21
93.18 6.82
83.87 16.13
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. 
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Figure 4.6 Color coordinates for PEDOT, Pbithiophene, and the points in copolymer region. 
 
4.7.3 System 2: Bithiophene and ProDOT-Me2 
Similarly, in the third study, the two component system containing ProDOT-Me2 and 
bithiophene was studied. The bithiophene solution was prepared in the same way as in system 2 
and two ProDOT-Me2 solutions were prepared: 0.25 g and 0.15 g ProDOT-Me2 dissolved in 1 g 
stock solutions. Two high-throughput screening devices were investigated. In the first device, the 
two reservoirs were filled with bithiophene and 0.25 g ProDOT-Me2 solutions and 
electrochemically copolymerized after the monomers had diffused for 20 hours in the gel matrix. 
The copolymer region is closest to the ProDOT-Me2 reservoir because the saturation distance of 
ProDOT-Me2 is 2 mm. It shows different copolymers with colors of blue, purple and pink (See 
Figure 4.7) due to the change of the monomer feed ratio concentration (Table 4.3). The color 
coordinates are (0.237, 0.2698) and (0.34, 0.462) at point 1 and 2, respectively, as shown in 
 Figure 4.8. In the second device, the two reservoirs were filled with bithiophene and 0.15 g 
ProDOT-Me2 solutions and electrochemically copolymerized after the monom
for 20 hours in the gel matrix. As shown in 
copolymer region which is closest to ProDOT
monomer feed ratio concentration at each point (
coordinates are (0.273, 0.37) and (0.343, 0.42), respectively
Figure 4.7 The neutral states between bithiophene and ProDOT
the electrochromic copolymers for the high
described in system 3.
 
Table 4.3 The monomer feed ratios
device #1. 
point 
1 
2 
 
 
Figure 4.9, purple and pink are observed in the 
-Me2 reservoir resulting from a change in the 
Table 4.4). At point 1 and 2, the color 
 (Figure 4.10). 
 
-Me2 reservoirs
-throughput screening device #1 
 
 at point 1 and 2 in the copolymer region of system 3 
Bithiophene (%) ProDOT
82.4 17.6
49.2 50.8
97 
ers had diffused 
 containing 
-Me2 (%) 
 
 
 Figure 4.8 The color coordinates (u
region at point 1 and 2 for device one in system 3.
Figure 4.9 The neutral states between bithiophene and ProDOT
the electrochromic copolymers for the high
described in system 3.
 
΄, v΄) for PProDOT-Me2, Pbithiophene and the copolymer 
 
-Me2 reservoirs
-throughput screening device 
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 containing 
#2 
  
Table 4.4 The monomer feed ratios
device #2. 
point 
1 
2 
 
Figure 4.10 The color coordinates (u
region at point 1 and 2 for device
 
 
 
 
 at point 1 and 2 in the copolymer region of system 3 
Bithiophene (%) ProDOT
93.1 
69.8 30.2
΄, v΄) for PProDOT-Me2, Pbithiophene and the copolymer 
 #2 in system 3. 
99 
-Me2 (%) 
6.9 
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4.7.4 Copolymerization-Diffusion Approach Accuracy 
An electrochromic device was prepared in order to test the color accuracy of the diffusion-
copolymerization approach of the high-throughput color screening method using the feed ratio at 
points 6 in system 1 (ProDOT:tBu2 and ProDOT:Me2). The electrochromic device was 
fabricated using the in situ assembly approach as mentioned previously with the same gel 
electrolyte composition and adding 59.3 wt% of ProDOT-tBu2 and 40.7 wt% ProDOT-Me2. This 
device was then sandwiched between two ITO coated PET substrates. The PEG-DA was then 
cured using UV light at 320 µW/cm2 intensity for 5 minutes. A potential of +3 V was applied to 
the device for 30 s, polymerizing the comonomers and the device was cycled between ±2 V. As 
shown in Figure 4.11, the color of the PProDOT-tBu2-co-PProDOT-Me2 displayed a red color in 
the neutral state and was transparent in the oxidized state, respectively, giving a color coordinate 
of u΄=0.411 and v΄=0.516 closely matching the color coordinate at point 6 of u΄= 0.420 and v΄= 
0.516 in the high-throughput screening device. Figure 4.12 shows two copolymer 
electrochromic devices constructed using the monomer feed ratios at points 9 and 10 in system 1. 
Table 4.5 shows the comparison between the copolymerization-diffusion approach and the 
copolymer in situ electrochromic devices at point 6, 9, and 10. As shown in the table the color 
coordinates of both approaches closely match each other which confirmed the accuracy of the 
diffusion-copolymerization approach.  
 
 
 Figure 4.11 The colored and bleached states of an electrochromic device prepared via 
method using 59.3 wt% ProDOT
monomer feed ratio as point 6.  
Figure 4.12 The colored states of an electrochromic devices prepared via 
(A) 45.5 % ProDOT
feed ratio as point 9 (B) 41.3 % ProDOT
same monomer feed ratio as point 
Table 4.5 Comparison between the two approaches
 Copolymerization
point ProDOT-tBu2 ProDOT
6 59.3 % 40.7 %
9 45.4 % 54.5 %
10 41.3 % 58.7 %
-tBu2 and 40.7 wt% ProDOT
 
in situ
-tBu2 and 54.5 % wt% ProDOT-Me2 , the same monomer 
-tBu2 and 58.7 % ProDOT
10.  
  
-Diffusion Approach Copolymer in situ ECDs
-Me2 u΄ v΄ u΄ 
 0.420 0.516 0.411 
 0.395 0.478 0.397 
 0.227 0.383 0.230 
101 
 
in situ 
-Me2 , the same 
 
 method using 
-Me2 , the 
 
v΄ 
0.516 
0.481 
0.379 
   
Figure 4.13 Spectral comparisons of neutral ProDOT
copolymers with different feed ratios (b
4.8 Conclusion 
In summary, demonstration and validation of a high
modulating the band gap of conjugated polymers. From two homopolymers a set of conjugated 
copolymers with different energy bang gaps were prepared in a single run using diffusion 
fundamentals. By understanding the diffusion of monomer
composition of monomer feed in the copolymer 
color which can fit the application need. 
greatly accelerate the color selection process for E
such as eyewear, displays, and organic photovoltaics. Further, the total number of synthetic steps 
-tBu2 (a), PProDOT
-e).  
-throughput screening method for 
s in the polymer gel e
can be determined and matched to a specific 
This new high-throughput color screening approach will 
CDs and other color-oriented applications, 
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-Me2 (f), and 
lectrolyte, exact 
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and/or number of monomers needed to achieve a given number of colors can be reduced thereby 
simplifying the overall process for the design and preparation of electrochromic materials. Future 
research will entail monomer combinations that do not produce the same color in one of the two 
states, as this is an important feature for electrochromic fabrics. 
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Chapter 5  The effect of Solvent Physical Properties on Solid-State         
Electrochromic Device Photopic Contrast  
 
5.1 Objectives 
Solvent dielectric constant and viscosity are important properties to improve the ionic 
conductivity of polymer electrolyte gels used in electrochromic and photo-electrochromic device 
applications. This chapter focuses on the effect of solvent physical properties, not only on the 
ionic conductivity but also the resulting photopic contrast of electrochromic devices.    
5.2 Abstract 
Herein a simple way to increase the photopic contrast of electrochromic devices (ECDs) 
through the use of binary solvent mixtures in the gel electrolyte without any complicated 
syntheses is presented. There was a significant increase in photopic contrast, approximately 8 to 
10 %, dependent on the solvent system. The binary solvents change the physical properties of the 
gel electrolyte medium, most notably the viscosity and dielectric constant. Using a mixture of a 
low and high viscosity solvent facilitates the diffusion of ions and monomer in the medium 
leading to an increase in ionic conductivity and the photopic contrast. On the other hand, there is 
decrease in the total dielectric constant due to different dielectric constants of the solvents, but is 
still large enough to dissociate the salt.  ECDs were fabricated by an in situ approach, based on 
poly(2,2 dimethyl-3,4-propylenedioxythiophene) (PProDOT-Me2) using different polymer gel 
electrolyte compositions. Gel electrolytes based on unary or binary solvent systems and 
poly(ethylene glycol) diacrylate (PEG-DA) with varying lithium trifluoromethanesulfonate 
(LiTrif) loading were investigated for the effect of solvent on ionic conductivity and the resulting 
photopic contrast of the ECD.  
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5.3 Introduction 
Conducting polymers (CPs) have drawn interest in many different industrial applications 
such as organic transistors, sensors, light emitting diodes, solar cells, batteries, and 
electrochromic devices. [1-10] CPs are suitable for these applications due to their low 
manufacturing cost, flexibility, chemical stability, short switching time, optical memory, and 
high coloration efficiencies. [11-16] CPs also exhibit the phenomenon of electrochromism; which 
is defined as a reversible change in transmittance or reflectance of light when a potential is 
applied. Furthermore, conducting polymers can be tailored to generate different colors through 
modification of their structure which results in a change in the energy band gap. The color 
change occurs between a bleached (oxidized) state to a colored (neutral) state or between 
different colored states. [17-20] 
Polythiophene, polypyrrole, polyaniline, and their derivatives have been implemented in 
electrochromic devices due to simple processing techniques and high electrochromic contrast. 
[21,22]
 Poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivatives have gained considerable 
attention for electrochromic devices due to their low oxidation potentials, high optical contrast, 
and fast switching speeds. [23,24] Of the PEDOT derivatives, poly(2,2 dimethyl-3,4-
propylenedioxythiophene) (PProDOT-Me2) continues to be an exciting electrochromic material 
for such devices due to its high contrast with switching between a purple color in the neutral 
state to transparent in the oxidized state. [25] Reynolds et al. proved that PProDOT-Me2 had high 
contrast in the visible, NIR, and mid-IR regions. [26] They found that PProDOT-Me2 lacked the 
typical large NIR absorption exhibited by conductive polymers and therefore resulted in a more 
transparent oxidized state leading to better contrast as well as a significant improvement of the 
switching speed, approximately 3-7 times higher than PEDOT. This is attributed to faster ion 
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movement because the highly substituted polymer has more inter-chain distance and therefore a 
larger free volume. 
Traditionally electrochromic devices (ECDs) are fabricated by an ex situ method. This 
method comprises of first depositing electrochromic films onto an indium-doped tin oxide (ITO) 
electrode from a monomer solution, and secondly, assembling the device by sandwiching a UV-
curable polymer electrolyte gel between the ITO with electrochromic film and another piece of 
bare ITO. Lastly, the polymer electrolyte is crosslinked upon UV exposure, changing from a 
liquid to a solid-state transparent gel which holds the two ITO pieces together. However, this 
method is not efficient because film quality is greatly affected by the cleanliness of the 
substrates, the monomer solution, and generates a large amount of waste.  
 In contrast our group has developed an in situ electrochromic device [27,28] assembly 
approach which can be described as: first, mixing an electroactive monomer with a gel 
electrolyte containing salt, plasticizer, and oligoethlyene glycol acrylate. Second, this mixture is 
drop-cast onto the ITO coated glass substrate and another piece of ITO coated glass put atop. 
Third, the device is cured using UV light and then and the CP is formed via electrochemical 
oxidation of the electroactive monomer. The in situ method reduces chemical waste, device cost, 
and assembly time. Furthermore, it utilizes electrochemical polymerization inside the device to 
form the CP compared to ex situ method. The contrast of the device is also improved because of 
the higher monomer conversion achieved in a solid state device.  
One way to achieve high photopic contrast of ECDs is through the synthesis of new 
conducting polymers which can require complicated synthesis reactions. [29,31] Another way to 
improve the photopic contrast is by studying the polymer gel electrolyte components. In general, 
a polymer gel electrolyte based solely on oligoethlyene glycol diacrylate and lithium salt gives 
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low ionic conductivity at room temperature due to the slower ion diffusion through the solvated 
gel matrix as a result of higher viscosity. 
 
5.4 Experimental Theory 
 The role of the high dielectric constant (ε) solvent in the gel electrolyte is to improve 
ionic conductivity (σ) by complete dissociation of the salt which also affects the photopic 
contrast of ECDs. Another factor that influences the ionic conductivity is the viscosity of the 
medium (η) which, according to the Stokes-Einstein equation, expresses that ion mobility is 
inversely proportional to the viscosity of the medium.  
  
                                                    [ ,  u                                                        (5.1) 
where q is the charge and r is the ion radius. Inherently, the lowering of the viscosity of the 
medium facilitates movement of the monomer to the working electrode. Therefore, to increase 
the photopic contrast of an ECD the medium should have appropriate balance between dielectric 
constant to dissolve the salt and low viscosity to facilitate ion and monomer diffusion. One 
simple way to achieve these two conditions is to mix solvents with different dielectric constants 
and viscosities. 
Suppose solvents are mixed having ε1, η1, and ε2, η2.  The resultant total dielectric constant of the 
mixture, εm, and mixture viscosity, ηm, are given by the following equations [32,33] 
 
                                                                   & ,  !' ' -  !                                                (5.2) 
                                                                   ^& ,  !' ^' -  ! ^ -  2!'!^'                     (5.3) 
 
111 
 
where !'  and ! are the volume fractions of solvents 1 and 2 in the mixture, respectively. η12 is 
is defined as:  
                                                                  ^' ,  C=5                                                               (5.5) 
 
5.5  Experimental Details 
5.5.1 Materials 
Lithium trifluoromethanesulfonate (LiTrif), dimethoxyphenylacetophenone (DMPAP), 
propylene carbonate (PC), ethylene carbonate (EC), diethyl carbonate (DEC), and poly (ethylene 
glycol) diacrylate (Mn = 700) (PEG-DA), were purchased from Sigma-Aldrich and used as a 
received. Indium Tin Oxide (ITO) coated glass 50 mm x 75 mm x 0.9 mm, Rs= 8-15 Ω was 
purchased from Delta Technologies and cleaned by sonication in acetone for 10 minutes. 
5.5.2 Monomer Synthesis 
2,2-dimethyl-3,4-propylenedioxythiophene (ProDOT-Me2) was synthesized using 
transetherification ring closure starting with commercially available 3,4-dimethoxythiophene and 
2,2-dimethylpropane-1,3-diol (Sigma-Aldrich) according to the literature procedure R. 
5.5.3 Instrumental 
A CL-1000 Ultraviolet Crosslinker was used to cure the gel electrolyte. All 
electrochemistry was performed using a CHI 400 or a CHI 660A potentiostat. 
Spectroelectrochmecial studies were performed using a Cary 5000 UV-vis-NIR. The 
conductivity measurements were performed using 4284A Precision LCR Meter. 
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5.5.4 Preparation of the gel electrolyte 
 All gel electrolytes were prepared by mixing a total of 5 g solvent, 5 g poly 
(ethylene glycol) diacrylate (Mn = 700) (PEG-DA), 17.5 mg of photoinitiator (DMPAP) and 
LitriF at different concentrations, 0.5 g to 1.5 g, and then sonicating for 15 minutes until 
dissolved. Our study focus on three solvent systems at different LitriF concentrations: 
1- the control system (5 g PC + 5 g PEG-DA+ 17.5 mg DMPAP),  
           2(A) - (5 g DEC + 5 g PEG-DA+ 17.5 mg DMPAP),  
           2(B) - (1.67 PC +3.33 g DEC + 5 g PEG-DA+ 17.5 mg DMPAP), 
           3(A) - (5 g EC + 5 g PEG-DA+ 17.5 mg DMPAP),  
           3(B) - (2.5 g EC + 2.5 g PC + 5 g PEG-DA+ 17.5 mg DMPAP). 
5.5.5 Construction of the electrochromic Device 
 Electrochromic devices were fabricated using the in situ approach developed by 
our group. The electroactive monomer (ProDOT-Me2), 2.5 wt%, was mixed with electrolyte gel, 
and then this mixture was sandwiched between two ITO coated glass substrates. Sequentially, 
the electrolyte gel was cured using UV light at 320 µW/cm2 intensity for 5 minutes. To form the 
conducting polymer, PProDOT-Me2, a potential of +3 V was applied to the device for 60 s and 
then the device was cycled between ±2 V.  
 
5.5.6 Ionic conductivity measurement 
The ionic conductivity, σ, of the solid polymer gel electrolytes was evaluated by AC 
impedance spectroscopy over a frequency range of 20 Hz to 100 kHz. The solid-gel electrolytes 
were prepared as described previously, sandwiched between two stainless steel electrodes, and 
the impedance as a function of frequency was determined. The solid electrolyte resistance (R) 
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was obtained from the plots of log Z against log f (Bode plots) where Z and f are the impedance 
and frequency, respectively. The ionic conductivity of the solid gel electrolyte was then 
calculated using the equation 
                                                    ,  drs                                                                        (5.6) 
 where t is the thickness of the solid electrolyte and A is the electrolyte contact area with the 
electrodes. The solid gel electrolytes for all systems in this chapter have the same thickness 0.7 
mm.  
 
 
 5.6 Result and Discussion 
Propylene carbonate (PC), as a plasticizer, is the most commonly used solvent for 
preparing the electrolyte gel for ECDs due to its high dielectric constant (64.92 at 25 ◦C), high 
boiling point (241 ◦C), low freezing point (- 49 ◦C), and ability to dissolve lithium salts. The 
effect of different solvents as well as binary mixtures with PC on the ionic conductivity of the 
solid-gel electrolyte was investigated and the resulting photopic contrast of the ECD was then 
measured. The photopic contrasts reported here are for the entire visible spectrum and not a 
single wavelength, allowing for a measurement more representative of the human eye’s response. 
The photopic contrast Tphotopic is calculated from the equation 
RGdRgH , S 	
		?	
IJKLIJS 
		?	IJKLIJ
 
where 	 is the spectral transmittance of the device, 
	 is the normalized spectral emittance 
of the light source, and 	 is the normalized spectral of the eyes. 	&g and 	&MN define the 
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considered range of wavelengths between 380 nm to 720 nm. All Tphotopic measurements reported 
here are without background correction. 
The study focus on three systems as following: 
System 1: control system 5 g PC + 5 g PEG-DA+ 17.5 mg DMPAP + X g LitriF 
 The resistance of the gel electrolyte at different salt concentrations (2.44 wt %-13.04 wt 
%) was obtained from the Bode plot as shown in Figure 5.1 and then the ionic conductivities 
were calculated from the equation 5.5. Table 5.1 and Figure 5.2A   describe system 1, the 
photopic contrast increases as the concentration of salt increases reaching a maximum value of 
41 % at 9.09 wt% LitriF. At concentrations exceeding this there was a decrease in ionic 
conductivity attributed to salt aggregation (Figure 5.2B). However, it was noticed that (Table 
5.1) the photopic contrast value saturated  due to a small change in the ionic conductivity with 
increasing salt concentration from 7.41 wt% to 9.91 wt%.  
   
 
 Figure 5.1 Bode plot for system 1
concentrations. 
Table 5.1 The conductivities for
contrast for ECDs
Amount of Salt (g) Salt concentration (wt %)
0.25 
0.5 
0.8 
0.9 
1 
1.1 
1.5 
. 
 which gives the values of the resistance at 
 system 1 at different LitriF concentration and photopic 
 
 σ (x 10-4S/cm) Photopic contrast (%)
2.44 2.80 
4.67 3.45 
7.41 4.29 
8.26 4.55 
9.09 4.76 
9.91 4.22 
13.04 3.80 
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different salt 
 
27 
35 
40 
40 
41 
40 
38 
  
Figure 5.2 (A) and (B) show
system 1.  
 
System 2(A): 5 g DEC + 5 g PEG
As shown in Figure 5.3, the solid
in comparison to the transparent gel electrolyte with PC making it unsuitable for electrochromic 
devices. The variation of ionic conductivity with respect to the concentration of 
 
s the ionic conductivity and ECD photopic contrast for 
  
-DA+ 17.5 mg DMPAP+ X g LitriF 
-state gel electrolyte prepared in system 2(A) is opaque 
116 
LitriF was 
 calculated as shown in Table 
conductivities in DEC by one order of magnitude over the entire salt concentration range 
compared with PC which is attributed to the salt not fully dissociating in the electrolyte due to 
the low dielectric constant of DEC (
Figure 5.3 Solid-gel electrolytes using (A) PC (B) DEC (C) PC +DEC
 
Table 5.2 The conductivities for 
Amount of Salt(g)
0.5 
0.8 
0.9 
1 
1.1 
1.2 
1.5 
 
5.2 and Figure 5.5A. The results showed lower ionic 
ε = 2.805at 25 ◦C).  
 
system 2(A) at different  salt concentrations
 Salt concentration (wt %) σ (x 10-5S/cm)
4.76 1.26 
7.41 1.52 
8.26 1.56 
9.09 1.50 
9.91 1.30 
10.71 1.14 
13.04 1.10 
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System 2(B): 1.67 PC +3.33 g DEC + 5 g PEG-DA+ 17.5 mg DMPAP + X g LitriF 
In system 2(B), when PC (ε1 = 64.92, η1 = 2.53 cP at 25 ◦C) was mixed with DEC (ε2 = 
2.805, η2 = 0.75 cP at 25 ◦C) an increase in the salt dissociation occured due to the higher 
dielectric constant of PC versus DEC as well as a decrease in the total viscosity of the medium 
due to the lower viscosity of DEC versus PC. Thus, the mobility of the ions increases according 
to equation 5.1 and as a result  &gNdA#    ac .  Based on equations 5.2 and 5.3 the gel 
electrolyte mixture has an   & = 20.694 which is large enough to dissociate the salt and ^& = 
1.2539 cP which is lower than the value of PC.  
 The solid electrolyte gel resistance for this mixture at different LitriF concentrations was 
obtained from the Bode plot as shown in Figure 5.4. Table 5.3 and Figure 5.5B show the results 
obtained with this gel electrolyte system.  With an increase in the amount of salt the conductivity 
increases to a maximum value of 2.7 x 10-4 S/cm for 9.91 wt% LitriF. The absorbance spectrum 
for all devices was studied and the photopic contrasts were calculated as shown in Table 5.3 and 
Figure 5.5C. The photopic contrast exhibits the same trend as the conductivity; an increase to a 
maximum value of 50 % (see Figure 5.6) and then a decrease to 32.5 % at 13.04 wt% salt due to 
the salt aggregation.  The result of this aggregation is also a decrease in the conductivity from the 
maximum value to 1.56 x 10-4 S/cm. By comparing the maximum photopic contrast and thus 
highest ionic conductivity of the ECDs, ∆T = 51 %, σ max = 2.7 x 10-4 S/cm and ∆T = 41%, σ max 
= 4.55 x 10-4 S/cm for 1PC:2 DEC and PC respectively, occur at the same salt loading. However, 
comparing the two systems ∆T PC+DEC    ∆T PC because ^&gNdA#  ^Uc  which provides an 
environment that more easily facilitates monomer diffusion to the working electrode. 
 Figure 5.4 Bode plot for system 2B which 
concentrations. 
  
Table 5.3  The conductivities for
contrast for ECDs.
Amount of Salt(g) Salt concentration (wt %)
0.5 
0.9 
1 
1.1 
1.2 
1.5 
gives the values of the resistance 
 system 2B at different LitriF concentration and photopic 
 
 σ (x 10-4S/cm) Photopic contrast (%)
4.76 1.25 32 
8.26 2.16 41 
9.09 2.4 49 
9.91 2.7 50 
10.71 1.95 36 
13.04 1.56 32.5
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at different salt 
 
 
 Figure 5.5 (A), (B) 
respectively. (C)  Photopic contrast of ECDs vs. salt concentration
Figure 5.6  Neutral and oxidized states for maximum contrast, respectively.
 
Solid-gel electrolytes conductivities for system 2(A), 2(B), 
 for system 2(B).
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System 3A: 5 g EC + 5 g PEG-DA+ 17.5 mg DMPAP + X g LitriF. 
 Figure 5.7A shows the solid-gel electrolyte for system 3A, EC was heated at 40 ◦C for 
10 minutes because EC is a solid at room temperature, which turned to a yellow color compared 
to the transparent gel electrolyte with PC. This yellow color makes EC gel undesirable for use in 
ECDs which requires that the gel polymer electrolyte has high optical transparency, wherein this 
yellow color would distort the perception of color by the human eye. 
System 3B: 2.5 g EC + 2.5 g PC + 5 g PEG-DA+ 17.5 mg DMPAP 
 System 3B compares the effect of mixing PC with EC on the solid-gel electrolyte 
properties as well as the photopic contrast of the ECDs. The solid-gel electrolyte turns from a 
yellow color to transparent in the binary PC + EC as shown in Figure 5.7B.  The resistance of 
the solid gel electrolyte of this mixture was obtained the same way for the previous two systems 
and is shown in Figure 5.8. The conductivity of system 3B measured as a function of LitriF 
concentration is shown in Table 5.4 and Figure 5.9A. The ionic conductivity of the solid-gel 
electrolyte increases by adding a small amount of salt and reaches a maximum value of 4.34 x 10 
-4
 S/cm at 10.71 wt% salt and then increasing the salt concentration decreases the conductivity to 
3.63 x 10 -4 S/cm due to the ion association. The maximum achievable photopic contrast was be 
found to be 48 % for 10.71 wt% salt due to a σ max = 4.34 x 10 -4 S/cm and decreasing to 39 % 
when σ 
 
σ max. The maximum photopic contrast of the ECD using the binary solvent system PC 
+ EC is 48 % compared to 41 % for PC. Since EC has a higher dielectric constant (ε = 89.8 at 25 
◦C) than PC, the binary mixture would have a dielectric constant  &  = 76.78 (where the 
dielectric constant is calculated by the same method explained in system 3).  The higher 
dielectric constant allows for an increase in the conductivity due to the dissociation of the lithium 
 salt forming free ions and affording more charge carries. Further, the lower viscosity of EC 
compared to PC decrease the viscosity of the mixture 
leads to enhancement in the conductivity by i
working electrode. 
 
Figure 5.7  Solid-gel electrolytes using (A) EC (B) EC+ PC
ηm = 2.21 cP, 
ncreasing ion and monomer diffusion to the 
 
. 
122 
 , which 
 Figure 5.8 Bode plot for system 2B which 
concentrations. 
Table 5.4  The conductivities for
contrast for ECDs.
Amount of Salt(g) Salt concentration (wt %)
0.8 
1 
1.1 
1.2 
1.3 
1.5 
gives the value of the resistance 
 system 3B at different LitriF concentration and photopic 
 
 σ (x 10-4S/cm) Photopic contrast (%)
7.41 5.94 
9.09 6.075 
9.91 6.34 
10.71 6.31 
11.50 5.99 
13.04 5.6 
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at different salt 
 
33 
41 
43 
48 
48 
39 
 Figure 5.9 (A) Conductivity vs. salt concentration for solid
system 3(B). (B) ECDs photopic contrast at different concentration
3(B). 
5.7  Conclusion  
It is demonstrated that the physical properties
viscosity, affect the ionic conductivity of the solid gel electrolyte and result in a change in the 
photopic contrast of ECDs. The photopic contrast of the ECD based on systems 2B and 3B w
10 % and 8 % higher, respectively, than that of the ECD based on the control system. The 
-gel electrolyte based on 
s of salt
 of solvents, such as dielectric constant and 
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 for system 
ere 
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increase in photopic contrast was attributed to a higher dielectric constant and lower viscosity of 
electrolyte gel medium leading to more complete dissociation of the salt and facilitation of the 
diffusion of ions and monomer to the working electrode, respectively. Thus, binary solvent 
systems are a good alternative to complicated syntheses of new monomers in achieving high 
photopic contrast in ECDs.  
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Chapter 6 Enhancement of Electrical Properties of PET 
Conducting Fabric 
  
6.1 Objectives 
The goals of this chapter are: 
i- Preparation and characterization of conductive fabric using conductive polymer.  
ii- Study the electrical properties of conductive fabric at different concentrations of 
conductive polymer. 
iii-    Comparison between the conductive fabric and several conductive materials such as 
conductive film, ITO coated glass and plastic, and metallic textiles. 
iv- The effect of temperature on the fabric resistance over a wide temperature range (10 K- 
400 K) and how temperature plays a role in modulation of the band gap of conjugated 
polymer. 
v- Application of the variable range hopping model (VRH) to determine thermoelectric 
properties of the conductive fabric. 
6.2 Abstract  
The preparation and characterization of conductive poly(ethyleneterephthalate) (PET) 
non-woven microfibers prepared by soaking the material with an organic conductive polymer, 
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), is presented. A polar 
solvent, dimethylsulfoxide (DMSO), was added as a secondary dopant to PEDOT:PSS to 
enhance conductivity. The results show that a high current, 3.22 A, can pass through PET 
conducting non-woven microfibers having a low sheet resistance of 3.199 Ω/□. The conductive 
microfibers compare favorably to indium tin oxide (ITO) coated plastic and glass, various 
130 
 
metallic textiles, and PEDOT:PSS film coated on glass. Moreover, the resistance of PET 
conducting microfibers as a function of temperature, 10 to 400 K, was investigated. It was found 
that the conductive PET microfibers exhibited resistance stability and underwent clear 
semiconductor-metal transition above 365 K. 
 
6.3 Introduction 
A fabric can be made conductive by coating or embedding within it a conductive material 
such as metal, carbon black, or a conjugated polymer. The preparation of conductive material 
can be done in a variety of ways including electrochemical processes, melt spinning, wet 
spinning, or by coating the fibers with the conductive material.[1-4] In addition, conductive fabrics, 
used in the industrial textile area, have a broad application in the military, medical, and athletic 
fields.[13] Strain sensors, photovoltaic devices, electrocardiography measurements, devices for 
electrotherapy, and actuators are some applications of these conductive fabrics. [13-18]  
 The motivation for using metallic textiles is due to higher conductivity, heat resistance, 
high strength, and a high interference electromagnetic shielding effect. [5-7] However, some 
drawbacks of metallic textiles could be high density, poor mechanical properties, and skin 
irritation reducing the comfort of the final product. [8, 9] In an attempt to address these issues, 
conductive polymers (CPs) have been reported since they not only give the textile the feel of 
fabric and processability, but can exhibit relatively high conductivity, are lightweight, and a thin 
coating of CP does not change the mechanical properties of the textile.[10-12] CPs are durable, 
flexible, and easier to manufacture. However, some disadvantages of CPs are they are inherently 
insoluble; infusible due to their strong intermolecular interactions therefore cannot be easily spun 
into the fibers with melting, and have limited stability. 
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The conductive polymer PEDOT:PSS has drawn attention in smart textile technology due 
to water dispersibility, easy processing, environmental stability, and commercial availability (see 
Figure 6.1). [19-24] Furthermore, several studies have proven that the conductivity of PEDOT:PSS 
films increase when polar organic solvents are added as a secondary dopant. [25-30] Kim et al. 
proposed that, by adding a secondary dopant, the conductivity of PEDOT:PSS increases due to 
decreasing electrostatic coulomb interaction between the positively charged PEDOT and the 
negatively charged PSS causing an improved mobility of the charge carrier in PEDOT:PSS. 
Further, this improvement was reported to be dependent on the dielectric constant of the 
secondary dopant. [31] Jonsson et al. suggested that the enhancement of conductivity was a result 
of the insulating PSS chain being removed from the surface of PEDOT when a polar solvent was 
added. [28] Some studies referred to the increase in the conductivity due to the reorientation of 
PEDOT chains [29] while another study used Raman spectroscopy to explain this enhancement as 
a result of the interaction between the dipole of the polar solvent and the charge on PEDOT 
chain.[30] J. Ouyang et al. addressed that adding ethylene glycol to PEDOT:PSS increased the 
interchain interaction, since the PEDOT chains transform from the benzoid to the quinoid 
structure, leading to enhanced conductivity.  In a more recent study, Wei et al. reported that the 
addition of ethylene glycol increased the conductivity due to an improvement in the ordering of 
PEDOT nanocrystals in the films according to 2D X-ray diffraction. [32] While the effect of the 
secondary dopant on the conductivity has been investigated, in detail, for PEDOT:PSS films, 
there are few reports on PEDOT:PSS microfibers. Rehnby et al. mixed a CP with an acrylic 
binder polymer which was then coated on a polyester fabric. [33] They found that the sheet 
resistances of conducting fabric were 104, 108, and 1010 Ω/□ for fabrics containing polyaniline, 
polythiophene, or polypyrrole, respectively. 
  
Figure 6.1 The chemical structure of PEDOT:PSS (left), PEDOT
beaker.  
 In another study, sheet resistances of 10
dispersion and PEDOT:PSS dispersion to a textile containing acrylate polymer, respectively.
Di et al. prepared a conductive textile by soaking PEDOT nano
drying at 100 °C for 2 hours. By using a four point meter, they found that the sheet resistance to 
be ca. 160 Ω/□. [35] Recently, Kerfeldt 
a coating of PEDOT:PSS containing ethylene glycol.
these PEDOT:PSS fabrics drop five orders of magnitude with increasing amount of PEDOT
with the lowest value of 100 Ω/□
Herein, the fabrication of conductive synthe
PEDOT:PSS and DMSO, where DMSO is utilized as the secondary dopant, is presented. The 
maximum current to breakdown at several wt% loading of PEDOT:PSS in the PET microfibers  
is reported and theses conductive microfibers
conductive films and textiles. The resistance of PEDOT:PSS PET microfibers are studied as a 
function of temperature and compared with 
-PSS aqueous dispersion in a 
4
 and 106 Ω/□ were obtained after adding polyaniline 
-emulsion inks into the textile and 
et al. prepared an electrically conductive PET fabric using 
[36]
 They found that the sheet resistance of 
 obtained at the highest concentration, 6.2 wt%.
tic non-woven PET microfibers using 
 are compared with commercially available 
a metallic textile.  
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-PSS 
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6.4 Experimental Section  
6.4.1 Materials  
PEDOT:PSS dispersion (CleviosTM PH1000) was procured from Heraeus (USA). 
Dimethylsulfoxide (DMSO) was purchased from Sigma Aldrich and used as received. The PET 
non-woven microfibers were provided from Nike, Inc., and the commercial conductive textile 
samples were purchased from Less EMF Inc. (USA). 
6.4.2 Conductive Non-Woven Microfibers Fabrication  
All non-woven microfibers samples used in this work have the same area, 2.5 x 2.5 cm2. 
To the PEDOT:PSS solution was added 5wt% DMSO, and then the solution was subjected to 
sonication for 10 minutes. The doped PEDOT:PSS was drop cast onto the microfibers to 
saturation and allowed to sit for 10 minutes. The microfibers were subsequently dried in an oven 
at 110 °C for one hour to remove water. Figure 6.2 shows the steps in fabrication of the 
conductive microfibers. The concentration of PEDOT:PSS was calculated as the difference in 
weight between the uncoated microfibers and the dried microfibers after coating. Repetitive drop 
casting /drying cycles, referred to as “dipping cycles”, increased the PEDOT:PSS concentration 
in the microfibers.  
6.4.3 Film preparation  
A thin film of the doped PEDOT:PSS was prepared on a glass substrate (2.5 x 2.5 cm2) by 
spin-coating at different angular speeds for 60 s to produce films of desired thicknesses. Then, 
the samples were put in an oven at 110 °C for 10 minutes to anneal the PEDOT:PSS and form 
the film.  
  
Figure 6.2 Fabrication of conductive 
casting process (C) wicking process (D) treated fabric.
 
 
6.4.4 Instruments 
All resistances were calculated from an I
10 data points. Electrical data was obta
according to the literature design and the sheet resistance calculated from the relation 
where w is the width of the sample (2.5 cm), and 
[37]
 Two current sources were used, a Keithley 224 Programmable for small current (
x 10 -3 A) and Power Supply 3630 for high current 
used to measure the voltage.  
All thin films on glass substrates were prepared using a Spincoater Model P6700 series 
Special Coating Systems, Inc. at different angular speeds for 60 s. A Veeco dektak 150 was used 
to measure the film thickness. Thermo
content in the metallic textiles; the samples were heated at 10 °C per minute to 800 °C under N
atmosphere. Electron microscopy was performed using an AMRAY 1810 SEM and IXRF 
microfibers steps (A) the original sample (B) drop
 
-V curve at room temperature, with a minimum of 
ined using a four line probe where the setup was built 
l is the distance between the leads (0.35 cm). 
I max= 10 A, while a 196 system DMA was 
-gravimetric analysis (TGA) was used to determine metal 
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-
Rs= R(w/l) 
I max = 101.1 
2 
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Systems Inc. Resistance values were measured as a function of temperature (from 10 K–400 K) 
using a standard four-probe technique in a Physical Property Measurement System (Quantum 
Design). 
6.5 Results and discussion 
6.5.1 Conductive Non-Woven microfibers Fabrication 
The resistance of conductive microfibers was calculated, from an I-V curve using the four 
line probe technique, at varying concentrations of PEDOT:PSS, 0.03 wt% to 5.7 wt% as shown 
in Figure 6.3 and 6.4. Then the sheet resistance was calculated as shown in Table 6.1 and 
Figure 6.4. All samples prepared have the same area 2.5 x 2.5 cm2. It can be seen that the sheet 
resistance decreases as PEDOT:PSS concentration increases. A five-fold decrease in the sheet 
resistance of conductive microfibers was found at a concentration of 0.784 wt% PEDOT:PSS, 
greater than 20 MΩ/□ for untreated microfibers to 40.2 Ω/□. This concentration is set as the 
percolation threshold for sheet resistance since increasing the concentration above this did not 
significantly cause a drop in sheet resistance. However, the sheet resistance did reach a minimum 
point of 3.199 Ω/□ at the maximum concentration 5.7 wt%, 31.26x lower than the best reported 
value for PEDOT:PSS coated fabric[36], and therefore, the saturation pathway for conduction is 
set at 5.7 wt% PEDOT:PSS. Next, the maximum current, I max, passing through the conductive 
microfibers at each concentration of PEDOT:PSS was determined using a four line probe 
(Figure 6.5 and Table 6.1). I max was determined to be the largest current that could pass through 
the microfibers before breakdown, burning of the material, was observed. It was found that 
increasing the current through the conducting microfibers depended on PEDOT:PSS 
concentration which is inferred by the decrease in resistance of the microfibers explained 
previously. At low concentration, 0.03 wt%, Imax was 1 µA while the maximum current that 
 could be achieved was 3.22 A at 5.7 wt% 
was larger than Imax, the sample would 
Figure 6.3 I-V curve used to calculate the resistance of the fabric at different concentrations 
of the doped PEDOT:PSS
 
 
(Figure 6.6). If the current passing through the sample 
start to burn as shown in Figure 6.7. 
: (A) at low concentration (B) at high concentration. 
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Table 6.1 Sheet resistances of conductive fabric and maximum currents that can pass 
through.    
C (wt %) R (Ω/□) Imax (A) 
0.06129 786275.3 1.00E-04 
0.143 96079.69 7.00E-04 
0.1962 205.241 0.0003 
0.37 104.891 0.35 
0.784 40.198 0.54 
0.9158 26.349 0.61 
1.525 10.804 1.02 
2.794 9.283 1.53 
3.845 4.640 2.21 
5.7 3.199 3.2 
 
 
 
  
  Figure 6.4 The PET conducting microfibers sheet resistance at different concentrations of    
PEDOT:PSS which showed the percolation threshold at 0.78 wt %.
Figure 6.5  The maximum current pass through microfibers at different concentrations of 
PEDOT:PSS. 
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Figure 6.6 Electric circuits shows the maximum current 3.22 A passing through 5.7 wt% 
PEDOT:PSS microfibers
Figure 6.7 Microfibers containing 5.7 wt % PEDOT:PSS (A) before applying current  (B) 
after passing a current greater than maximum value, 3.22 A, 
breakdown of the 
 using four line probe. 
in which thermal 
 material is observed. 
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 6.5.2 Conductive microfibers application
A power supply was connected in series with an 18 watt light bulb and a piece of the 
microfibers containing 5.7 wt% PEDOT:PSS. A current of 0.92 A was then applied across the 
microfibers and the light bulb was powered to full inten
Figure 6.8 Simple electrical circuit set up to light a light bulb with a power supply, using 
conductive microfibers as a simple wire in a series with the power supply and the 
light bulb.  The voltmeter shows the voltage difference between the light
19.7 V and the current is 0.92 A. 
6.5.3 Morphology Study 
The color of conductive microfibers turned from its original white color to varying 
degrees of blue, gradually changing from light 
PEDOT:PSS, and is related to the microfibers becoming more conductive(see 
Figure 6.10 shows the scanning electron microscope (SEM) image for the original microfibers 
 
sity as shown in Figure 6.
 
 
to dark blue, depending on the concentration of 
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8. 
 
-bulb, 
Figure 6.9). 
 (image A) and after adding the conductive polymer to the microfibers (images B
shows that the microfibers are comprised of both single fibers and groups of fibers arranged in 
“bundles”. When the microfibers were coated with 0.2 wt% PEDOT:PSS there was no noticeable 
change in the SEM image (B) compared to the uncoated microfibers. However, a film of 
PEDOT:PSS must be coating the fibers at this concentration due to the decrease in sheet 
resistance from ₒ20 MΩ/□ to 205 
(images C-E) a more visible coating can be seen on the fibers as well as film formation in the 
space between fibers, until saturation is met at 5.7 wt% where the film coats the entire surface 
covering the bundles that could be seen underneath the top layer at lo
concentration, the microfibers became inflexible and cracks appeared on the surface. The 
morphology study explains the reasoning behind increasing conductivity with increasing 
concentration due to more conductive polymers coatin
and the bundles. 
 
Figure 6.9 PET non-woven microfibers (A) before soaking (B) to (D) after soaking with 
PEDOT:PSS, the concentrations are 0.5 wt%, 2 wt%, and 5.7 wt%, respectively
 
Ω/□. As the concentration of PEDOT:PSS is increased 
wer concentrations. At this 
g the fibers, the space between the fibers, 
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-E). Image A 
 
. 
 Figure 6.10  SEM images: (A) original non
microfibers at different concentration
concentration, 0.2 wt%, 2.4 wt%, 3.5 wt%, and 5.7 wt% , respectively. 
6.5.4 Cross Section Study 
  Figure 6.11 shows the SEM images of a cross section of the undoped and doped 
microfiber at different loadings of PEDOT:PSS.
placed in liquid nitrogen to freeze them, 
SEM cross section image of the original microfibers which has poor quality because this material 
is non-conductive and it was not coated on the surface with any conductive layer. 
(B) and (C) show the cross section of conductive microfibers with c
PEDOT:PSS at 0.274wt% and 2.4wt%, respectively. The material inside the microfibers and a 
-woven microfibers, From (B-E
s of PEDOT:PSS from low concentration to high 
 
 Before taking the images, the microfibers are 
making them easier to cut. Figure 6.
oncentrations of 
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) the conductive 
11(A) shows the 
Figure 6.11 
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little amount of conducting polymer coating some area appear in these two images. The SEM 
cross section image for the conductive microfibers at a concentration of 3.5wt% PEDOT:PSS is 
shown in Figure 6.11(D). It is clearly illustrated from this picture that the conductive polymer is 
flowing inside the microfibers forming a non-continuous solid layer with different thicknesses. 
However, there is a gap between the fibers and the conductive layer which indicates a region of 
non-contact of conductive material with the microfiber bundle. The SEM cross section images at 
the highest concentration, 5.7wt%, at different magnifications is shown in Figure 6.11E and 
6.11F, respectively. As shown in figure 6.11E, the conductive polymer forms a coating layer 
inside the leather, but still there is a gap between them is some areas. In Figure 6.11F, the image 
shows the conductive polymer coating the fibers has varying thickness. From this study, it is 
concluded that soaking the microfibers with PEDOT:PSS makes a non-continuous coating layer 
with varying thicknesses and space between the areas inside it. 
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Figure 6.11 The cross section of microfibers (A) the original sample (B-C) at different 
concentrations of PEDOT:PSS. 
6.5.5 Comparison Studies of conductive non-woven microfibers and conductive materials 
The comparison of electrical properties between PEDOT:PSS microfibers and several 
commercial conductive materials was investigated under identical conditions, with focus on 
sheet resistance and maximum current before breakdown. The following conductive materials 
were used in this study: ITO coated plastic and glass, metallic textiles, and PEDOT:PSS films at 
different thickness coated on glass. All samples in this study had the same area, 2.5 x 2.5 cm2, 
and a four line probe was used to obtain electrical data. I-V curves were plotted using this data 
and the resistance (R) calculated from the slope of the curve which has ohmic behavior. Then the 
 sheet resistance calculated from the relation 
cm), and l is the distance between the leads (0.35 cm).
6.5.5.1 Comparison between the conductive microfibers and ITO coated glass and plastic
The resistance values of ITO coated plastic and glass were calculated from an I
using the four line probe technique
57.18 Ω/□ and 11.43 Ω/□ with maximum achievable currents of 0.5 A and 1.4 A, respectively. In
contrast, the conductive microfibers have a sheet resistance less than ITO coated plastic with 
concentrations of PEDOT:PSS ranging from 0.784 wt %
than 0.5 A. With PEDOT:PSS concentrations at or above 1.52 wt%, the sheet resistance was 
lower than the ITO coated glass with an achievable maximum current to breakdown bei
A at 5.7 wt% PEDOT:PSS. Table 6.2
Figure 6.12 I-V curve using four
demonstrating the maximum current 
Rs= R (w/l) where w is the width of the sample (2.5 
 
 (Figure 6.12). The sheet resistances were calculated to be 
-5.7 wt% and all pass a current greater 
 summarizes the ITO coated glass and plastic results. 
-line probe technique for ITO coated glass and plastic which 
that can pass through. 
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-V curve 
 
ng 3.22 
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Table 6.2 Sheet resistance and the maximum current for ITO coated plastic and glass. 
 
R (Ω/□) Imax (A) 
ITO coated glass 11.43 1.4 
ITO coated plastic 57.18 0.5 
 
6.5.5.2 Comparison between the conductive microfibers and PEDOT:PSS film coated glass  
The comparison between the conductive microfibers and PEDOT:PSS film, with and 
without DMSO, coated on glass were investigated and the measurements were taken on spin 
coated films with varying thicknesses. Table 6.3, shows the measurements for PEDOT:PSS 
films without DMSO which have higher sheet resistance and only low current can pass in the 
films due to the absence of the secondary dopant. As shown in Table 6.4, after adding the 
secondary dopant, DMSO, the values of sheet resistance drop 500 times. As film thickness 
increases, resistance decreases from 946.13 Ω/□ to 405.13 Ω/□, resulting in a change in 
maximum current from 0.04 to 0.09 A. These resistance values are two orders of magnitude 
higher than the sheet resistance of conducting microfibers containing 5.7 wt % PEDOT:PSS. 
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Table 6.3 Sheet resistance and maximum current pass PEDOT:PSS film coated glass 
without DMSO.  
Angular Speed  (RPM) Film thickness (nm) Rs(Ω/□) I max(A) 
4000 43 4.99E5 0.00033 
3000 59 4.60E5 0.00039 
2000 80 3.98E5 0.00045 
 
 
Table 6.4 sheet resistance and maximum current pass PEDOT:PSS film coated glass 
with DMSO.  
Angular Speed (RPM) Film thickness (nm) R s(Ω/□) I max(A) 
4000 45 946.13 0.04 
3000 50 642.85 0.08 
2000 56 405.13 0.09 
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6.5.5.3 Comparison between the conductive microfibers and metallic textile  
Several commercial textile samples were studied and compared with the PEDOT:PSS 
coated microfibers. As shown in Table 6.5, the commercial conductive textiles have low 
resistance which is dependent on the type and metal content determined by dealer specifications 
and TGA, respectively. The PEDOT:PSS coated microfibers clearly have a higher resistance and 
lower Imax  than all the metal coated textiles listed in Table 6.5. However, the PEDOT:PSS in the 
coated microfibers is approximately ¼ the loading compared to metallic textile containing the 
least amount of metal, 5.7 wt% versus 25 wt%.  Figure 6.13 show the normalized maximum 
current versus the amount of conductive material inside the textile. PEDOT:PSS conductive 
fabric scored the highest due its high maximum current at low conductive material concentration.  
  
Table 6.5 Comparison between conductive microfibers and textile metallic. 
Textile type Rs 
(Ω/□) 
I max (A) Metal content in 
textile (wt %) 
A- conductive m  containing 5.7wt%  PEDOT:PSS   3.2 3.22 No Metal 
B- Aluminum / Polyester 0.049 ₒ 10 43.02 
C- Nickel/ Copper/ Polyester 0.074 ₒ 10 39.77 
D- Pure silver coating nylon 0.251 7.01 30.04 
E- Silver/ bamboo Fiber 0.311 4.6 30 
F- Stainless/ Cotton/ Polyester 1.945 3.72 25 
 
 
  
Figure 6.13 Normalized the maximum current to the amount of conductive material inside the 
textile.  
6.5.6 Temperature Dependence
The temperature dependent resistance data {R(T)} of PEDOT:PSS coated microfibers at two 
concentrations, 2.24 wt% and 5.7 wt%, was measured and compared with a metallic textile, entry 
C in Table 6.5. All samples were of the same area 10 x 5 mm
using a standard four-probe technique in a Physical Property Measurement System (Quantum 
Design). Both PEDOT:PSS samples, 
temperature. The resistance decrease
with semiconducting behavior, with relatively constant resistance values from 265
overall change in resistance from 10
respectively. From first glance at 
the entire measured temperature regime, but the conductive microfibers exhibit a change in slope 
 
2
 and the measurements were made 
Figure 6.14A and B, exhibit the same trend as a function of 
s with elevating temperature up to 265 K that is consistent 
-400 K is 5.64 Ω and 0.8 Ω at 2.24 wt% and 5.7 wt%, 
Figure 6.14A and B the plots show semiconducting behavior in 
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-400 K. The 
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at different temperatures that is a signature of a semiconductor-metal transition, inset of Figure 
6.14A and B. Several intriguing features are observed in the R(T) data ~ 265 K, near room 
temperature, finally resulting in metallic behavior above 365 K. These transitions are related to 
the presence of an inhomogeneous conducting polymer structure disorder. [38, 39] In more detail, 
the data can be fitted to the one-dimensional variable range hopping (VRH) mechanism, [40, 41] 
which describes the increasing inter-chain interaction leading to hopping of the charge among 
polymer chains;  
                                                 R(T) = R0 exp [(T0/T)½]                                                       (6.1) 
where R0 is the resistance at infinite temperature, T0 is the energy barrier between localized 
states due to disorder and can be written as  
                                                 T0= 16/[KB N(Ef) L∥L⏊2]                    (6.2) 
N(EF) is the density of state at the Fermi level, and L∥(L⏊) is the localization length in parallel 
(perpendicular) direction. The fitted values of T0 for both concentrations, Figure 6.15, are 
calculated from the linear relationship of ln(R) vs. T-1/2 and are estimated to be 25.75 K and 
23.61 K, respectively. The values are lower than the value of untreated PEDOT:PSS film (1901 
K) and also PEDOT:PSS films treated with 1-metyl-2-pyrrolidinone (NMP), DMSO, ethylene 
glycol (EG), and sulfuric acid (H2SO4) (2243, 1153, 903, and 29 K, respectively). [42,43] This 
suggests that the present PEDOT:PSS microfibers have lower resistance due to the significant 
reduction in the energy barrier between the localized states, facilitating charge hopping among 
the polymer chains. As noted above, a similar reduction in the resultant T0 value was when 
sulfuric acid was used as the secondary dopant. However, sulfuric acid would be undesirable in 
clothing application due to its toxic nature, and therefore PEDOT:PSS microfibers offer an 
attractive alternative. For comparison, the temperature dependence of resistance for a metallic 
 textile, entry C in Table 6.5, was studied and the resistance displayed metallic behavior within 
the same temperature range, Figure 
temperature range with relatively constant resistance and metallic behavior.
  
Figure 6.14 Resistance vs. temperature R(T) values (A) and (B) for PET conducting non
woven microfibers with PEDOT:PSS concentration 2.24 
6.16.  In contrast PEDOT:PSS microfibers have a large 
  
and 5.7 wt%, respectively
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 Figure 6.15 Analysis of resistance
microfibers with VRH model.
 
Figure 6.16 Temperature dependences of resistance of metallic fabric, polyester/ 
nickel/ copper.
-temperature relationship of the DMSO treated PEDOT:PSS 
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6.5.7 The Temperature coefficient of resistance (TCR) 
The temperature coefficient of resistance (TCR) was determined from the variation of the 
electrical resistance with temperature using the equation  
 
                                                                 " , ∆rrBC '∆B                                                           (6.3) 
where  ∆" , " f "' , ∆ ,  f '  ,   is the temperature when the resistance is 
measured and  ' is the reference temperature. Table 6.6 shows the calculated values of the 
temperature coefficients of resistance (TCR) for conductive leather at two concentrations, 
2.24wt% and 5.67wt%, commercial metallic fabric (polyester /Nickel /Copper), and PEDOT:PSS 
film coated on glass. As shown in this table, the conductive microfibers have a negative TCR 
value in the range of 10K-350K and a positive TCR value above 350K. The negative value of 
TCR is due to the electrical resistance of the microfibers which decreases when the temperature 
increases and explains why this material can be used to generate heat. Positive values of (TCR) 
refer to the microfibers experiencing an increase in electrical resistance when the temperature is 
raised. Since this microfibers have a positive temperature coefficient of resistance, it can be used 
in engineering applications that usually show a relatively rapid increase with temperature. 
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Table 6.6 The temperature coefficients of resistance (TCR) of conductive 
microfibers and metallic textile. 
  conductive 
microfibers 
C=2.24wt% 
conductive 
microfibers 
C=5.67wt% 
polyester 
/Nickel 
/Copper 
Temperature range TRC(1/K) TRC(1/K) TRC(1/K) 
10-50 f11.53  101 f11.74  101 5.55  101 
50-100 f4.10  101 f4.19  101 9.32  101 
100-150 f2.20  101 f2.25  101 8.34  101 
150-200 f1.34  101 f1.38  101 5.33  101 
200-250 f8.25  101¡ f8.59  101¡ 4.55  101 
250-300 f1.29  101¡ f8.82  101l 3.15  101 
300-350 f1.81  101¡ f9.59  101¡ 3.58  101 
350-360 6.94  101¡ f2.98  101¡ 5.87  101 
360-370 1.28  101 1.19  101¡ 5.19  101 
370-380 1.81  101 7.07  101¡ 3.48  101 
390-400 1.83  101 1.16  101 7.78  101 
 
 
 
 
 
 
6.6 Conclusion 
Conductive non-woven microfibers containing PEDOT:PSS were prepared and 
characterized. The value of sheet resistance calculated here, 3.199 Ω/□, is lower than the best 
experimental value reported in the literature. Moreover, it was proved that high current could 
pass through the conducting non-woven microfibers due to the low resistance. Furthermore, this 
material exhibited a clear semiconductor-metal transition and showed good stability over the 
temperature range. These low resistance non-woven microfibers have metallic behavior with 
blue color, and are ideal for use as an electrode in electrochromic fabric and display technology.   
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Chapter 7 Development Conductive Fabric using the hybrid 
Graphene/Conductive polymer 
 
7.1  The Objectives 
After studying the preparation and characterization of PET fabric using the conjugated 
polymer PEDOT:PSS the goals of this chapter were to study: 
i- The conductivity of PET fabric prepared after infusion of a mixture of graphene 
and graphite.  
ii- The conductivity of PET fabric prepared from a hybrid mixture of 
graphene/graphite and PEDOT:PSS. 
The studies include the electrical properties, mechanical properties, morphology, and the 
effect of temperature on the fabric resistance over a wide temperature range, 10 K to 400 
K. 
7.2  Abstract 
Metallic behaving, highly conductive, poly(ethyleneterephthalate) PET non-woven 
microfibers were prepared by coating poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) 
(PEDOT:PSS) with dimethylsulfoxide (DMSO) as a secondary dopant to PET microfibers 
containing a mixture of pristine graphene and graphite. The sheet resistance of the original non-
woven microfibers was > 80 MΩ/□, but after coating with a mixture of PEDOT:PSS and pristine 
graphene/graphite, the sheet resistance decreased to 1.11 Ω/□  in which a maximum  current of 4 
A could pass through. This measured sheet resistance is lower than the sheet resistances of 
graphene films, graphene coated fabric, PEDOT:PSS films, and PEDOT:PSS coated fabric 
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reported in literature. Moreover, the effect of temperature on resistance of the microfibers, based 
on pristine graphene and graphite doped with a conductive polymer PEDOT:PSS, was examined. 
It was found that the resistance of the microfibers decreases with increasing temperature, 
analogous to semiconducting behavior, with a clear semiconductor-metal transition occurring at 
300 K. 
7.3  Introduction 
The hybrid of graphene/PEDOT:PSS coatings are attracting interest in the field of 
optoelectronic devices and textiles technology. Graphene has warranted great attention due to its 
outstanding electronic, optical, mechanical, and thermal properties.[1,4] It has high electrical 
conductivity which is attributed to its unique 2D energy dispersion,[1,5,6] optical transparency, 
chemical stability, and flexibility.[7,8] Therefore, graphene based materials are suitable for 
applications including: organic photovoltaics, organic light-emitting diodes, organic field-effect 
transistors , and liquid crystals devices. It is used as transparent conductive electrodes which 
require high transparency and low sheet resistance.[6-9] Recently, sheet resistance and 
transmittance of graphene films has been realized by several groups. Xu et al. produced direct 
pure graphene films by spin-casting graphene solutions as an electrode for polymer organic 
photovoltaic cells.[10] They found that the sheet resistance of graphene films decreases by 
increasing the annealing temperature and had a minimum value of 17.9 KΩ/□ for ~ 25 nm 
graphene film with hydrazine at a maximum temperature 700 °C. Kymakis et al. formed 
graphene oxide (GO) films by spin-casting on PET substrates using a laser-based reduction 
technique.[11] They concluded that the conductive graphene sheet resistance depended on the 
laser power and the graphene film thickness. By using a four-probe technique, they found that 
the lowest sheet resistance was 0.7 KΩ/□ for a 20.1 nm thick laser-reduced GO film. This value 
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is similar to the sheet resistance of graphene films fabricated by chemically reduced GO 
films.[12,13] Multilayered graphene films on glass or PET substrates using the clean-lifting transfer 
method reported by Wang et al. proved that the sheet resistance of graphene films decreased as a 
function of the number of layers. They found that the sheet resistances of graphene films were 
225, 65, and 50 Ω/□ for monolayer, 4-layer, and nitric acid doped 4-layered graphene films, 
respectively.[14]  
Graphene coated fabrics have been produced through numerous methods. One method is to 
soak the fabric with a solution containing graphene oxide, then reducing to reduce graphene 
oxide (RGO) using sodium hydrosulfite or hydrazine.[15,16] Other methods reported in literature 
produce graphene coated fabric by way of chemical vapor deposition [17] or by a direct coating 
method.[18] Recently, Molina et al. prepared conductive fabric by chemical reduction of GO on 
polyester fabric and studied the effect of the number of layers on the electrical properties.[19] 
They found that the minimum value of surface resistivity was 11 kΩ/□ with three coatings and 
that additional coatings did not produce a significant improvement in the electrical properties.  
  Conductive polymers (CPs), which consist of alternating single and double bonds, have 
drawn attention in optoelectronic devices and smart textile technology due to ease in 
processability, low cost in manufacturing, mechanically flexible, and durability.[20,21] 
Furthermore, CPs exhibit remarkably high conductivity and electrochromism, the ability to 
change colors when a potential is applied.[22] Water-soluble PEDOT:PSS has attracted a 
significant interest among conductive polymers owing to its high transparency, easy aqueous 
solution processing, high conductivity (when doped), environmental stability, and commercial 
availability.[23,28] Furthermore, with the combination of  secondary dopants, the films 
conductivity increases.[29,35] Kim et al. reported ethylene glycol-doped PEDOT:PSS films had a 
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sheet resistance of 65 Ω/ₒ[36] while Vosgueritchian et al. reported that the sheet resistance 
reached 46 Ω/ₒ, using a combination of DMSO and the fluorosurfactant Zonyl-FS3.[37] 
In the field of smart textiles, conductive fabrics can be prepared using various methods[38-
44]
 ; one method being to coat the fibers with conductive polymers.[45-47] Polyester fabric  coated 
with a mixture of  polyaniline and an acrylic polymer, results in fibers with a sheet resistance of 
104 Ω/□[48] while using PEDOT nano-emulsion inks gave ~ 160 Ω/□.[49] PET fabric coated with 
PEDOT:PSS using ethylene glycol as a secondary dopant reach a sheet resistance about 100 Ω/□ 
when loaded with 6.2 wt% PEDOT:PSS.[50] 
Another important application in the field of optoelectronic devices and smart textiles is 
hybrid organic-inorganic electronics. The hybrid devices and textiles are made of conductive 
polymers combined with an n-type inorganic semiconductor. One successful example of these 
hybrid materials is the combination of graphene and PEDOT:PSS, which leads to an 
enhancement in the conductivity. Liu et al. reported that single layer chemical vapor deposition 
of a graphene film doped with PEDOT:PSS and Au composite had a sheet resistance of 158 ± 30 
Ω/□ while graphene doped only with PEDOT:PSS showed a sheet resistance of about 285 
Ω/□.[51] Also, they found that the sheet resistance for a four layer graphene sheet doped with 
PEDOT:PSS and Au reached 68 ± 10 Ω/□.  
In this chapter, the fabrication of a hybrid graphite/graphene and PEDOT:PSS microfiber 
by simply drop-casting the aqueous dispersion PEDOT:PSS with incorporation of DMSO as a 
secondary dopant on PET nonwoven microfibers containing a mixture of pristine graphene and 
graphite at room temperature is discussed. The nonwoven microfibers containing this mixture 
show low sheet resistance, 1.11 Ω/□, with a maximum current of, 4 A. Also, the effect of the 
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temperature, in the range 10-400 K, on the resistance of these microfibers was studied. It was 
found that at low temperatures the resistance decreases with increasing temperature, undergoing 
a clear semiconductor-metallic transition at room temperature. 
7.4 Experimental details  
7.4.1 Materials 
The same materials, as discussed in chapter 6, in addition to pristine graphite (Asbury 
Carbons Grade 3243) and n-heptane (Fisher Scientific, 99% Optima) were used in this study. 
7.4.2 Fabrication of conductive fabric  
The process for fabrication of high conductivity nonwoven microfibers is based on two 
steps. In the first step, the graphite/graphene microfibers are fabricated by means of an interfacial 
trapping method.[] Shortly, a mixture of 5 mL heptane and  100 mg of pristine graphite was 
sonicated for 30 minutes, and then 5 mL water was added to this mixture and sonicated for the 
same time. The mixture was then added to a vial containing a piece of microfibers, 2.5 x 2.5 cm2, 
and sonicated for one hour, after which the microfibers were removed and dried. The 
concentration of the mixture graphene/graphite is calculated by the difference between the 
original sample and the treated sample. Figure 7.1 shows the untreated and treated fabric. In the 
second step, the dried graphite/graphene microfibers are doped with the conductive polymer 
PEDOT:PSS incorporating DMSO by drop casting onto the microfibers to saturation. The 
microfibers were allowed to sit for 30 minutes and then dried in an oven at 110 °C for one hour 
to remove water. The concentration of PEDOT:PSS in the microfibers was calculated as the 
difference in weight between the microfibers before and after adding PEDOT:PSS. Repetitive 
 drop casting /drying cycles, referred to as “dipping cycles”, increased 
concentration in the microfibers. 
Figure 7.1 (A) The original sample fabric (B) Fabric 
 
7.4.3 Instrument 
All instrument used in this chapter is the same used in chapter 6 in addition to an 
Model 1011 for studying the mechanical properties.
 
7.5 Results and Discussion 
7.5.1 The electrical properties of conductive fabric
Characterization was carried out using a four
Programmable power supply (I 
measure the voltage. Resistance was first measured by creating an I
points. The sheet resistance was then determined using 
width of the sample and l is the distance between the leads. 
the 
 
after the infusion of graphene/graphite.
 
 prepared using graphene/graphite
-line probe method with 
max = 101.1 x 10 -3 A), while a 196 system DMA was used to 
-V plot with at least 10 data 
the relation Rs= R(w/l,)
Table 7.1 and Figure 
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 where w is the 
7.2 shows the 
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sheet resistance as a function of the concentration of graphene in the fabric. The measurements 
are carried out using four-line probe technique and all samples have the same area. As is 
expected, the sheet resistance decreases with increasing graphene concentration in the fabric. At 
low concentration, 2.5 wt% graphene in the fabric, the sheet resistance was 77.9 MΩ/sq; while at 
7.41 wt%, the sheet resistance was 3.6 KΩ/sq, which means that the sheet resistance decreased 
by four orders of magnitude. 7.41 wt% was therefore determined to be the percolation threshold 
for the sheet resistance because above this concentration a one order of magnitude difference was 
observed in the sheet resistance with a minimum value of 0.57 KΩ/sq.  This value is nearly one 
order of magnitude lower than the best value reported for graphene in fabric to date.[16]  
Table 7.1 Resistance and sheet resistance at different concentration of graphene/graphite 
Graphene (wt %) R (Ω) Sheet resistance (Ω/sq) 
2.5 1.09E+07 7.79E+07 
4.4 2.00E+06 1.43E+07 
5.79 26584 1.90E+05 
7.41 504.66 3.60E+03 
10.7 349.1 2.49E+03 
14.7 80.41 5.74E+02 
 
Figure 7.2 Sheet resistance as a function of concentration of graphene/graphite infused into 
the fabric.  The percolation threshold can be observed to be around 7 wt%. 
0
1
2
3
4
5
6
7
8
9
2 4 6 8 10 12 14 16
C (wt%)
lo
g 
R
165 
 
7.5.2 The electrical properties of the hybrid graphene/graphite and PEDOT:PSS 
The effect of the DMSO-doped PEDOT:PSS on the electrical properties of the 
microfibers containing different concentrations of graphene/graphite mix (Tables 7.2-7.7) was 
investigated. The measurements were carried out the same way as described in section 7.5.1. 
Thirteen dipping cycles, drop-casting and drying, were applied to each sample to determine the 
exact percolation threshold.  As shown in Figure 7.3 and Figure 7.4, the sheet resistance of the 
microfibers containing graphene/graphite decreases with increasing concentration of 
PEDOT:PSS.  At low graphene/graphite concentrations, 2.5 wt % and 4.4 wt %, the influence of 
the doped PEDOT:PSS on the sheet resistance of the microfibers was clear, as shown in Tables 
7.2 and 7.3 with a drop of six and five orders of magnitude respectively. PEDOT:PSS 
concentrations of   2.29 wt % and 1.67 wt% were set as percolation thresholds for these two 
samples since increasing the concentration above theses values did not drop the sheet resistance 
magnitude (Figures 7.3A and 7.3B). For the microfibers containing 5.79 wt % graphene/graphite, 
the sheet resistance dropped 3 orders of magnitude from 0.19 MΩ/□ before doping with 
PEDOT:PSS to 76.59 Ω/□ at 0.833 wt % PEDOT:PSS and this value was set as the percolation 
threshold (Table 7.4 and Figure 7.3C). For microfibers infused with high graphene/graphite 
concentrations, 7.41 wt % and 10.7 wt %, the sheet resistance only dropped one order of 
magnitude (Tables 7.5 and 7.6 and Figures 7.4A and 7.4B).  
Table 7.7 summarizes the lowest sheet resistance achieved versus the total amount of 
conductive material in the microfibers. By increasing the total amount of the conductors the 
sheet resistance decreased, reaching a minimum sheet resistance of 1.11 Ω/□, at 16.19 wt% of 
conductors.  
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Table 7.2 Sheet resistance of microfibers containing 2.5 wt % graphene/graphite at 
different concentrations of PEDOT:PSS. 
Cycle PEDOT:PSS concentration (wt%) sheet resistance(Ω/sq) 
0 0 7.79E+07 
1 0.063 1.43E+07 
2 0.137 3.05E+05 
3 0.174 4.78E+04 
4 0.211 3.59E+04 
5 0.285 1.00E+04 
6 1.15 9.38E+03 
7 1.92 9.51E+02 
8 2.29 5.13E+01 
9 2.4 2.76E+01 
10 2.87 9.01 
11 4.72 4.15 
12 4.89 3.92 
13 5.31 3.62 
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Table7.3 Sheet resistance of microfibers containing 4.4 wt % graphene/graphite at 
different concentrations of PEDOT:PSS. 
Cycle PEDOT:PSS concentration (wt%) sheet resistance(Ω/sq) 
0 0 1.43E+07 
1 0.146 1.15E+06 
2 0.216 7.81E+04 
3 0.256 4.34E+04 
4 0.296 1.57E+04 
5 0.736 7.38E+03 
6 1.07 2.24E+03 
7 1.43 3.83E+02 
8 1.636 1.22E+02 
9 1.67 40.9 
10 1.92 19.6 
11 2.49 8.71 
12 2.96 5.06 
13 3.73 4.58 
14 4.43 3.53 
15 5.34 3.10 
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Table7.4 Sheet resistance of microfibers containing 5.79 wt % graphene/graphite at 
different concentrations of PEDOT:PSS.   
Cycle PEDOT:PSS concentration (wt%) sheet resistance(Ω/sq) 
0 0 1.99E+05 
1 0.035 3.40E+05 
2 0.07 9.42E+04 
3 0.105 1.19E+04 
4 0.285 6.21E+03 
5 0.57 4.92E+03 
6 0.605 4.89E+03 
7 0.816 7.30E+02 
8 0.833 76.59 
9 1.0 26.13 
10 1.49 16.46 
11 2.74 8.38 
12 3.76 4.36 
13 4.31 3.77 
14 4.92 3.07 
15 5.75 2.26 
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Table7.5 Sheet resistance of microfibers containing 7.41 wt % graphene/graphite at 
different concentrations of PEDOT:PSS. 
Cycle PEDOT:PSS concentration (wt%) sheet resistance(Ω/sq) 
0 0 3607.14 
1 0.179 3351.14 
2 0.25 2464.57 
3 0.32 2065.43 
4 0.46 1574.57 
5 0.71 645.48 
6 0.96 83.58 
7 0.995 39.75 
8 1.137 22.88 
9 1.492 7.52 
10 1.922 3.92 
11 2.372 3.64 
12 2.8207 2.18 
13 4.4 2.13 
14 4.79 1.77 
15 5.7346 1.31 
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Table7.6 Sheet resistance of microfibers containing 10.7 wt % graphene/graphite at 
different concentrations of PEDOT:PSS. 
Cycle PEDOT:PSS concentration (wt%) sheet resistance(Ω/sq) 
0 0 2607.86 
1 0.288 2382.14 
2 0.356 1380.36 
3 0.501 665.03 
4 1.01 47.53 
5 1.247 22.45 
6 1.383 13.84 
7 2.297 6.86 
8 2.701 3.57 
9 3.710 3.08 
10 4.395 1.71 
11 5.485 1.11 
 
 
Table7.7 Minimum sheet resistance of microfibers versus amount of conductors 
entry Mixture graphene/graphite  (wt %) 
PEDOT:PSS 
 (wt %) 
Total conductor 
(wt %) 
Minimum Rs 
(Ω/□) 
1 2.50 5.31 7.81 3.62 
2 4.40 5.34 9.74 3.10 
3 5.79 5.75 11.54 2.26 
4 7.41 5.73 13.14 1.31 
5 10.70 5.48 16.19 1.11 
 
 
 
  
Figure 7.3 Sheet resistance as a function of PEDOT:PSS
containing mixture graphene/graphite (A) 2.5 wt % (B) 4.4 wt % (C) 5.79 wt %.
 concentration for microfibers 
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 Figure 7.4 Sheet resistance as a function of PEDOT:PSS concentration for microfibers 
containing mixture graphene/graphit
 
 
 
 
 
 
 
 
e (A) 7.41 wt % (B) 10.7 wt %. 
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7.5.3 Fabric as a wire in electric circuit 
i- An electrical circuit was made using conductive fabric (1inx1in) containing 
graphene/graphite in series with a power supply and LED (Figure 7.5A). A second 
experiment using a light bulb in place of the LED did not work due to the high resistance 
(Rs = 0.57 KΩ/□) of the graphene/graphite. 
ii- Another electrical circuit was made using fabric containing graphene/graphite and 
PEDOT:PSS (1inx1in, Rs = 1.11 Ω/□ ) in series with a 40 watt light bulb and power 
supply. As shown in Figure 7.5B a direct current of 2 A at 20V was applied across the 
fabric and the light bulb was powered to full intensity without sample degradation. 
iii- The experiment was then expanded to AC instead of DC (Figure 7.6).  Higher power light 
bulbs, 50, 60, 100 W, were individually connected in series with the hybrid conductive 
fabric (Rs = 1.11 Ω/□).  All light bulbs were powered to full intensity indicating that this 
piece of fabric mimicked a traditional copper wire electrical circuit.  
iv-  A larger piece of fabric (1 inx2.5 in,  Rs = ) containing 10.6 mg graphene/graphite and 
5.78 wt% of the doped PEDOT:PSS was placed in series with an AC power supply and 
heat light bulb, 250 W 120 V, (Figure 7.7) to create an electrical circuit comparable to 
(how a normal plug works when plugged wall socket). An AC 2.87 A, 122.3 V was 
applied across the fabric and the light was powered to full intensity with no evidence of 
sample breakdown.  
 
 
 
 Figure 7.5 Fabric, as a wire in 
graphene/graphite and PEDOT:PSS. 
 
an electrical circuit, with (A) graphene/graphite
DC current is used in the two cases. 
174 
 (B) the hybird 
 Figure 7.6 Fabric, as a wire in 
PEDOT:PSS using AC current  and light bulbs hav
watt (B) 60 watt (C) 100 watt.
an electrical circuit, with the hybird graphene/graphite and 
ing different power (A) 50 
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Figure 7.7 Fabric, as a wire, containing 10.6 mg graphene/graphite and 5.78 wt % 
PEDOT:PSS in an electrical circuit with 2.87 A passing across the fabric to light a 
250 watt light bulb.  
 
7.5.4 The effect of temperature on the resistance  
In this section, the resistance as a function of temperature was studied over a wide 
temperature range, 10 - 400 K. The study was carried out on fabrics containing only 
graphene/graphite and graphene/graphite mixed with PEDOT:PSS.  All samples had an area of 
10 x 5 mm2 and the measurements were made using the standard four-line probe technique with 
a Physical Property Measurement System (Quantum Design).  
First, the effect of temperature on the resistance of the infused fabric containing 6.20 
wt % and 14.74 wt % mixture graphene/graphite was investigated.  As shown in Figure 7.8A 
and 7.8B the resistance shows the same behavior, a decrease in resistance with increasing 
temperature up to 350 K.  This is consistent with semiconducting behavior due to disorder in the 
graphene/graphite sheet structure at low temperature where electron localization and hopping 
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play a significant role. In the range of 100-250 K, the resistance is relatively constant.  The 
change in the resistance over the entire region is 1 MΩ for 6.2 wt % and 5 KΩ for 14.74 wt %. 
At 350 K the conductive fabric undergoes a distinct insulator-metal transition (inset of Figure 
7.8A and 7.8B) which indicates modulation of the band gap from a gap to no gap.  
Second, the fabric containing 14.7 wt % mixture graphene/graphite was treated with 0.58 
wt% doped PEDOT:PSS and then the resistance as a function of temperature was measured. The 
resistance exhibited the same behavior as the untreated graphene/graphite fabric and 
PEDOT:PSS treated fabric (chapter 6) over the entire region with two important differences: 
i-The resistance value is approximately 250 times lower compared to the sample prepared with 
only 14.7 wt % graphene/graphite. The overall resistance change was only 15 Ω compared to 5 
kΩ for graphene/graphite. The low resistance (high conductivity) of the fabric containing the 
hybrid can be explained as: the incorporation of graphene into PEDOT:PSS could lead to an 
increase in the carrier mobility due to increased space between the molecules. In the case of 
PEDOT:PSS fabric (chapter 6), the charge transport in PEDOT:PSS occurs through a hopping 
process, but in the hybrid system, the charge transport occurs due to both tunneling and hopping 
conduction, where the mobility is given by the equation  
                                                       ,  GR -  d                                                     (7.1) 
where µhop and µtun is given by the equation 
                             GR ,  #5 M5d5¢£B/¤5t9 ¥ u¦5HiHG§ ¨©956£7ª«
.l
 | ¬f2* tanh Gt9¡¢£B°                   (7.2) 
                             d ,  #5 M5t9¢£B ¥
¦5HiHG§ ¨©956£7ªu «
.l
 | ¬f2* F Gt9¢£B°                        (7.3) 
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where e is the electron charge, hw0 is the phonon energy, t is the transfer integral, KB is 
Boltzmann’s constant, and *  is a coupling constant. The incorporation of graphene into 
PEDOT:PSS leads to enhanced tunneling conduction at low temperatures and hopping 
conduction at high temperature. This is because graphene doping leads to increase in the space 
between molecules resulting in an increase in the diffusion coefficients of the charge carriers 
which increase µhop and µtun according to the Einstein-Smoluchowski equation 
                                                                         , # a¢£B                                                               (7.4) 
Furthermore, graphene doping PEDOT:PSS decreases the disorder strength leading to an 
increase in the charge mobility and thus an increase in conductivity.  
ii-In the hybrid system there is a shift in the insulator-metal transition temperature from 365 K 
for graphene/graphite to 300 K for graphene/graphite and PEDOT:PSS system.  
 Figure 7.8 Resistance vs. temperature plot of:  (A) and (B) the infused fabric with 6.20 wt % 
and 14.74 wt % (C) 0.58 wt % doped PEDOT:PSS
of the figures show the insulator-
 
 
 
 in fabric containing 14.74 wt%.  (The insets 
metal transition).  
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7.5.5 Morphology Study 
Morphological tests were performed with a field emission scanning electron microscope 
(JEOL 6335 FESEM). Figure 7.9A illustrates the fabric before treatment. Some slight bundling 
of the individual fibers is observed. The images taken of the fabric coated with PEDOT:PSS 
seem to infer that the coating is primarily on the surface of the fabric, as the surface tension of 
the fluid holds it between the fibers (Figure 7.9B). There is, however, still some that penetrates 
deeper into the sample. In Figure 7.9C, the fabric only treated with the graphene/graphite 
mixture is shown. These images show how the fabric’s fibers are coated with pristine graphene, 
while the bulk graphite is caught between the fibers, which act somewhat like a net. The amount 
of graphite in the sample is thought to decrease closer to the middle. The final image, Figure 
7.9D, shows the fabric with the combination of PEDOT:PSS and graphene/graphite. Since the 
coating with PEDOT:PSS is performed after the infusion of graphene/graphite, the graphitic 
material is sealed inside. In the image, some particles of graphene/graphite are apparent under 
the wrinkles in the coating. 
 
7.5.6 Mechanical Properties Study 
The treated fabric was also tested against a control in an Instron Model 1011 for tensile 
strength. There was a small strength increase in the treated fabric when compared to the control 
(Figure 7.10). Looking at the scanning electron microscope images, one can see that the 
conductive polymer connects the fibers of the fabric. This bridging is thought to be the source of 
the increased strength. 
 
  
Figure 7.9 Scanning Electron Microscopy Images
with PEDOT:PSS (C) fabric treated with the graphene/graphite (D) fabric treated with the hybrid 
graphene/graphite and PEDOT:PSS.
 
 
 
 
 
 
 
 for (A) untreated fabric (B) fabric treated 
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 Figure 7.10 Stress–Strain Curve for the untreated fabric and the treated fabric
graphene/graphite and PEDOT:PSS
 
7.6 Conclusion 
Highly conductive, metallic behaving fabric using a mixture of graphene/graphite and 
PEDOT:PSS was prepared. The lowest sheet resistance achieved was 1.11 
lowest value reported compared to PEDOT:PSS
graphene in fabric, and the hybrid PEDOT:PSS and graphene films. This low sheet resistance 
was attributed to PEDOT:PSS acting as the primary dopant. Incorporating graphene into the 
fabric increased the space between molecules leading to an increase in the diffusion coefficient 
of the charge carrier resulting in increased conductivity. An important application of the hybrid 
graphene/graphite and PEDOT:PSS fabric is as a wire in an electrical circuit due to the low 
resistance and high current that can pass through.
.  
Ω
 films, PEDOT:PSS in fabric, graphene film, 
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